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THEME 

\ / 

The  scattering  of  electromagnetic  waves  is  of  importance  in  many  communication 
systems  and  has  been  intensively  studied  in  the  last  quarter  of  a century.  Scattering 
phenomena  can  be  used  to  advantage  to  communicate  over  the  horizon,  or  they  may  act 
adversely  as  in  the  case  of  transmission  to  a terminal  in  a jungle  or  heavily  urbanised 
environment.  Examples  of  the  former  are  the  VHP  (ionoscatter  and  meteor-burst)  and  UHF 
(troposcatter)  links  which  make  use  of  the  scatter  from  inhomogeneities  and  discontinuities 
in  the  ionosphere  and  troposphere  respectively.  Examples  of  adverse  effects  occur  in 
relatively  short  range  UUP'  communications  to  mobile  units  surrounded  by  trees  or  buildings 

In  all  cases  the  received  signals  have  a number  of  common  features,  namely  they  are 
time-dispersive  due  to  multipath  and  tune-varying  due  to  phase,  polarisation  or  attenuation 
variation.  These  characteristics  severely  reduce  the  performance  obtained  unless  steps  are 
taken  to  mitigate  these  effects.  This  can  be  done  by  a suitable  choice  of  modems  and  by  the 
use  of  various  forms  of  diversity  such  as  space  frequency,  time  and  polarisation.  In  certain  cases, 
such  as  in  meteor-burst  communication,  an  adaptive  rate  of  transmission  can  greatly  enhance 
the  performance  of  a system.  Most  of  the  systems  using  a scatter  mode  of  propagation  can  be 
made  light  and  transportable.  Furthermore,  they  are  relatively  inexpensive,  easy  to  operate 
and  are  capable  of  working  at  almost  any  latitude.  They  therefore  form  a useful  alternative 
to  conventional  HP  and  satellite  links,  especially  where  modest  information  rates  arc 
concerned,  i.e.  in  so-called  "thin-line"  communications. 

A broad  review  of  the  state  of  the  art  in  scatter  communication  is  considered  to  be  both 
appropriate  and  timely.  The  symposium  will  therefore  be  concerned  with  the  theory  of 
scattering  and  reflection  in  the  troposhere,  the  ionosphere,  from  meteor  trails,  and  also 
scattering  from  ground  environmental  hazards  such  as  hills,  trees  and  buildings.  Included  m 
the  propagation  aspect  will  be  the  prediction  of  long  and  short  term  signal  characteristics  and 
modelling  of  radio  channels  using  scatter  mode  of  propagation  Consideration  will  also  be 
given  to  transmission  and  signal  processing  techniques  for  effective  communications  over 
such  channels  The  symposium  is  thus  designed  for  geophysicists,  communication  system 
planners  and  designers,  and  also  for  the  users  of  such  systems. 
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REVIEW  OF  ELECTROMAGNET I C-WAVK  SCATTERING 
IN  RADIO  COMMUNICATIONS 

by 


A.  N.  lnce 

SHAPE  Technical  Centre, 
The  Hague, 
Netherlands . 

1 . Introduct  ton 


In  October  1977  at  Cambridge,  Massachusetts,  USA,  The  Electromagnetic  Wave 
Propagation  Panel  of  AGARD  sponsored  the  conference  the  proceedings  of  which  are  the 
subject  of  this  volume.  The  purpose  of  the  conference  was  to  review  the  state  of  the 
art  In  scatter  communications . Thirty  four  papers  were  presented  and  discussed  in  five 
sessions  each  of  which  started  with  a review  by  a recognized  expert  in  the  field. 

2 . Survey 

Investigations  Into  the  scattering  of  electromagnetic  waves  from  irregularities 
and  inhomogenltles , both  natural  and  man-made,  tend  to  fall  Into  three  categories.  These 
are  the  study  and  elucidation  of  geophysical  phenomena,  the  alleviation  of  Interference 
between  radio  systems  and  thirdly  the  gathering  of  Information  for  the  design  of  reliable 
and  economic  communication  systems.  These  fields  are,  of  course,  all  inter-related: 

Indeed,  In  practically  all  the  forms  of  scatter  communication  discussed  in  the  conference, 
It  was  the  unexpected  discovery  of  scatter  propagated  signals  which  led  to  the  recognition 
and  subsequent  Investigation  of  the  geophysical  phenomena.  Conversely,  studies  of  the 
phenomena  as  such,  have  greatly  helped  to  provide  quantitative  information  for  communi- 
cations purposes.  Papers  In  Session  I addressed  the  problems  which  fall  into  the  first 
category  and  also  reviewed  the  various  scatter  mechanism,  while  in  Session  III  the  problems 
of  the  second  category  were  discussed;  the  other  sessions  concentrated  on  areas  related 
to  the  techniques  and  propagation  data  necessary  for  the  planning  and  design  of 
communications  systems.  The  systems  which,  in  one  way  or  another,  were  the  subject  of  the 
papers  presented  were  the  following: 


1. 

HF  radio  [l.8;  1.9;  2.3;  2.4;  5.8]* 

2. 

Ionoscatter  [4.l] 

3. 

Meteor-burst  [l.6;  1.7;  3.5;  4.1;  4 

.4; 

4.5] 

4. 

Field  - Aligned  scatter  [4. 2} 

5. 

Troposcatter  [l . 1 ; 1.3;  1.4;  1.5;  4 

.1; 

4.2;  4.3;  4.6;  5.2;  5.3;  5.4; 

6. 

Chaff  and  Needles  ^4 . l] 

7. 

Optical  scatterings  by  aerosols  [l . 

10; 

4.1] 

Fig. 

1 provides  a convenient  overall  insight 

into  these  systems  as  far  as 

propagation  characteristics  are  concerned.  As  is  to  be  expected,  scatter  systems  only 
come  into  question  at  higher  radio  frequencies  where  the  wavelengths  are  small  enough  to 
be  comparable  to  the  size  of  irregularities  in  the  propagation  medium.  Thus  the  lowest 
frequencies  involved  in  scatter  modes  of  propagation  are  those  at  the  upper  end  of  the  HF 
band.  Fig.  2 shows  noise  levels  over  the  same  frequency  range  as  used  in  Fig.  1.  The  need 
for  low  noise  level  locations  is  clearly  highlighted  by  Fig.  2. 

Taken  together  Figs.  1 and  2 provide  a good  insight  into  the  possibilities  offered 
by  the  various  scatter  systems.  However,  the  channel  capacities  are  not  necessarily 
approximately  equal  to  the  inverse  of  the  time  spread.  This  is  because  the  system  might 
be  intermittent  in  operation,  as  is  the  case  in  meteor  scatter,  or  because  the  system  may 
be  using  adaptive  modems. 

As  will  be  seen  from  above,  the  systems  which  were  the  subject  of  most  of  the 
papers  presented  were  troposcatter  and  meteor-burst,  these  being  the  systems  which  meet 
the  user  requirements  most  economically  and  conveniently  in  terms  of  range  and  capacity. 

The  meteor-burst  system  has,  also,  the  added  advantages  of  providing  considerable  resistance 
to  interception  and  jamming  and  of  allottog  broadcasting,  both  of  which  make  it  attractive 
to  a certain  category  of  users.  Although  troposcatter  systems  have  been  in  use  for  almost 
twenty  years  now  the  requirement  for  digitalization  has  recently  created  a new  impetus 
for  extensive  research  and  development  activities  both  in  propagation  and  in  the  field  of 
adaptive  modem  design.  The  numerous  papers  presented  in  meteor-burst  is  an  indication  of 
a revival  of  interet  in  this  very  Interesting  system  which  has  been  neglected  in  the  past 
and  which  now  appears  to  be  coming  into  use,  a development  which  may  have  been  prompted 


Figures  In  [ ] refer  to  paper  numbers  in  these  proceedings. 


partly  by  the  progress  Bade  in  storage  and  processing  techniques. 

3.  Conclusions 

The  highlights  of  the  Conference  may  be  summarized  as  follows: 

1.  Of  the  six  distinct  radiowave  scatter  systems  considered  In  this  review,  four 
rely  on  quite  small  perturbations  on  the  ambient  conditions.  The  other  two,  namely 
meteor  burst  and  chaff,  depend  on  scattering  from  greatly  augmented  ionisation  and  from 
highly  conducting  strips  respectively.  However,  from  a systems  point  of  view  these 
distinctions  are  academic.  A more  practical  grouping  is  into  systems  involving  man-made 
scatter  conditions,  l.e.  field  aligned  scatter  and  chaff  or  naturally  occurring  scatter 
phenomena . 

2.  Both  the  man-made  scattering  phenomena  would  seem  to  have  their  major 
applications  In  military  systems,  where  they  would  have  the  advantage  of  being  capable  of 
being  switched  on  at  will  - in  the  case  of  field  aligned  scatter  the  system  can  also  be 
switched  off  at  will.  The  very  special  nature  of  both  of  these  artificially  generated 
scatter  systems  makes  It  difficult  to  forecast  the  applications  to  which  they  may  be  put 
In  the  future.  It  is  worth  noting  that  field  aligned  scatter  also  occurs  naturally  In 
the  auroral  zone  and  communication  has  often  been  achieved  using  frequencies  in  the  VHF 
bard,  but  the  results  achieved  so  far  are  too  variable  to  be  of  practical  use. 

3.  In  the  fairly  extensive  review  of  troposcatter  systems  made  in  this 
Conference  it  is  clear  that  performance  predictions  still  leave  something  to  be  desired. 
Estimates  which  can  be  10  dB  or  more  out  are  not  a cheerful  prospect  for  the  designer 
[Paper  4 . l]  . It  appears  that  the  predictions  of  the  path-loss  statistics  may  be  improved 
by  taking  into  account  more  details  of  the  meteorological  conditions  [Papers  1.1  and  4 . l]  . 
There  is  also  the  need  for  collecting  data  on  climatic  effects  for  regions  where  thiti  data 
does  not  exist. 

4.  Less  obvious,  but  surely  with  a certain  future  in  special  applications,  is  the 
use  cf  meteor  burst  communications.  Regardless  of  its  intermittent  nature  it  allows  the 
transmission  of  instantaneous  data  rates  of  up  to  hundreds  of  kilobit/s.  Here  again 
there  is  a need  for  a more  world-wide  knowledge  of  the  scatter  mechanism  in  this  case 

a knowledge  of  the  distribution  of  the  radiants  of  meteors. 

5.  A factor  contributing  to  the  large  differences  between  different  prediction 
methods  in  estimating  the  performance  of  a troposcatter  link  and  also  to  the  difference 
between  predicted  and  measured  result,  is  the  so-called  aperture-to-medium  coupling  loss. 
There  were  lengthy  discussions  in  the  Conference  on  this  topic  and  these  were  indicative 
of  the  uncertainties  that  exist  in  the  definition,  measurement  and  scatter  mechanisms 
involved  in  this  loss  factor  [Paper  1.4].  It  is  quite  clear  that  the  aperture-to-medium 
coupling  loss  of  an  antenna  is  dependent  on  the  gains  of  the  two  antennas  used  in 
transmission  and  also  on  the  separation  of  the  two  antennas.  On  the  latter  issue  it  was 
pointed  out,  that  widely  differing  results  were  given  in  the  literature  although  for  the 
ranges  of  most  practical  Interest  (200-300  kms)  all  predictions  converged  to  within  a few 
decibels  providing  that  the  free-space  gain  of  the  antennas  are  less  than  40  to  SO  dB. 

It  should  be  pointed  out  h»re  that  even  though  the  coupling  loss  increases  with  antenna 
gain,  the  increase  in  antenna  size  might  still  be  desirable  because  multipath  delay  spread 
decreases  with  increasing  antenna  size. 

6.  A physical  laboratory  modelling  technique  discussed  in  Paper  1.2  seems  to  lend 
itself  to  studies  of  radio  wave  propagation  in  the  troposphere.  By  creating  an  inhomog- 
eneous gaseous  medium  (or  liquid  suspension  as  suggested  in  Paper  1.4)  through  which  is 
propagated  a coherent  light  beam,  investigations  can  be  carried  out  conveniently  and 
economically  into  the  problems  outlined  in  paras  (3)  and  (5)  above  and  into  the 
determination  of  the  significance  of  the  common  volume  and  beambending  in  relation  to  the 
scatter  loss  and  multipath  delay  spread.  Even  though  it  would  be  Impractical  to 

model  exactly  the  atmospheric  inhomogeneities  in  the  scattering  fluid,  it  is  believed 
that  useful  information  could  well  be  derived  from  such  a modelling  technique. 

7.  Digitalization  of  tropospheric  scatter  links  requires  the  use  of  adaptive 
modems  and  bandwldths  larger  than  those  needed  by  equivalent  analog  systems.  Several 
adaptive  modem  techniques  were  described  and  discussed  in  the  Conference  [Papers  4.1; 

5.1;  5.4;  5.5;  5.7],  Prototype  adaptive  modems  exist  today  which  allow  the  transmission 
of  up  to  about  10  Mega  bits/s  over  typical  troposcatter  paths.  It  is  evident  that  more 

R • D work  needs  to  be  undertaken  to  develop  modems  which  are  capable  of  coping  with  the 
maximum  expected  delay  spreads  on  operational  links  (including  aircraft  echoes)  and  of 
providing  the  maximum  possible  economy  in  frequency  usage.  Further  studies  using 
multi-level  coding  and  angle  diversity  are  indicated.  Power  control  techniques  will 
also  help  to  reduce  interference  thus  permitting  more  efficient  use  to  be  made  of  the 
frequency  spectrum  [Paper  4 . jf]  . 

8.  The  use  of  adaptive  equalizer  techniques  for  IF  paths  seems  problematic  and 
uncertain.  It  appears  [Paper  5.8J  that  the  use  of  the  spread-spectrum  technique  may 

be  a better  approach  for  coping  with  the  multipath  problem  at  HF.  This  would  also 

have  the  advantage  that  the  effect  of  interference  and  noise  of  an  impulsive  nature  would 

be  reduced. 


9.  For  optimum  modem  design  and  comparative  evaluation  of  Implemented  modems 
use  should  be  made  of  path  simulators.  Different  types  (software,  hardware,  synthetic 
and  playback  channel  simulators)  of  simulators  were  described  and  discussed  In  Papers 
2.1  and  2.2. 

10.  In  planning  and  Implementing  communication  systems  the  transmission 
standards  to  be  adopted  should  be  specified  taking  Into  account  the  characteristics 
of  the  terminal  devices  as  well  as  the  application  for  which  they  are  used,  the 
requirements  for  monitoring  and  measuring  the  implemented  system,  and  the  network 
(dedicated  and  switched)  into  which  it  is  to  be  incorporated  ^Papers  4.1  and  4.2]. 

It  should  be  borne  in  mind  also  that,  even  though  one  may  wish  to  specify  not  only 

the  average  channel  behaviour  but  also  the  statistical  distribution  of  the  impairement, 
the  parameters  available  to  the  equipment  and  system  designer  may  not  permit  the 
noise/error  patterns  to  be  controlled  completely,  particularly  when  an  existing  system 
is  being  converted  from  analog  to  digital  working. 
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SUMMARY 

Many  modern  communication  systems  such  as  systems  making  use  of  the  spread  spectrum  mode, 
of  large  synchronous  time  division  multiplexing,  of  package  switching  in  data  transmission  networks  in- 
volving computers,  are  very  sensitive  to  certain  properties  of  the  propagation  medium  (bandwidth,  delay 
spectrum  width,  etc).  With  these  communication  systems  in  mind,  the  current  review  develops  in  a uni- 
fied manner  some  of  the  more  important  channel  characterisation  parameters  for  circuits  involving 
scattering  by  inhomogeneities  in  the  tropospheric  refractive  index  structure,  by  topographic  irregularities 
or  by  rain.  Some  of  the  theoretical  results,  which  are  derived  from  first  principles,  are  compared  with 
experimental  findings. 


1  INTRODUCTION 

As  the  demand  for  reliable  broad  band  communication  circuits  increases,  so  docs  the  need  for  de- 
tailed information  about  the  transmission  medium. 

The  multitude  of  new  demands  leads  to  a very  versatile  and  sophisticated  usage  of  the  transmission 
medium.  This,  in  turn,  calls  for  a very  comprehensive  description  of  the  medium.  The  transmission 
medium  constitutes  the  limiting  factor  in  many  interesting  and  potentially  powerful  communication  tech- 
niques of  which  the  following  should  be  mentioned: 

- Spread  spectrum  modulation  systems  are  very  sensitive  to  frequency  selective  fading,  i.  e.  require 

a large  instantaneous  bandwidth.  Hence  we  shall  need  information  about  the  circuit  bandwidth  and  its 
variability. 

• Large  synchronous  time  division  multiplex  systems  (PCM)  set  narrow  limits  with  regard  to  variations 
in  time  delay  in  the  system.  As  a consequence,  information  about  the  delay  spectrum  and  its  temporal 
variability  is  mandatory. 

- Data  transmission  in  a network  of  computers  through  the  package  switched  broadcast  mode  requires 
large  bandwidth  and  control  of  time  delay. 

- Congested  communication  areas  makes  it  important  to  economise  with  the  frequency  spectrum.  As  a 
consequence  of  this,  we  shall  need  detailed  information  about  the  temporal  and  the  spatial  variability 
of  the  parameters  characterising  the  propagation  medium. 

With  these  applications  particularly  in  mind,  the  current  contribution  will  discuss  scattering 
mechanisms  and  channel  characterisation  in  relation  to  broadband  radio  communication  systems.  We 
shall  discuss  four  main  classes  of  electromagnetic  wave  propagation  involving  scattering  phenomena: 

1 Forward  scattering  from  inhomogeneties  in  the  tropospheric  refraction  index  field  leading  to  over- 
the-horison  propagation. 

2 Scattering  from  irregularities  in  the  troposphere  on  a line-of-  sight  path  (satellite  or  terrestrial)  lead- 
ing to  reduced  bandwidth  and  limited  spatial  correlation  of  field  strength. 

3 Scattering  from  topographic  irregularities  on  the  earth  surface  giving  rise  to  severe  multipath  and 
loss  of  bandwidth. 

4 Scattering  from  rain. 


2 BASIC  RELATIONSHIPS  IN  SCATTER  PROPAGATION.  A BRIEF  SURVEY 

When  discussing  the  characteristic  properties  of  a scattered  (or  diffracted)  wave  in  relation  to 
radio  communication,  it  is  useful  to  have  a physical  understanding  of  the  basit  principles  involved. 

With  reference  to  earlier  works  (e.  g.  1,  2)  a brief  sketch  of  tome  of  tin  more  important  deriva- 
tions will  be  given. 

Consider  a volume  element  dv  • dx  ay  dx  * d * # within  the  scattering  volume  V,  this  scattering 
volume  being  confined  to  the  spatial  region  in  the  troposphere  illuminated  by  the  transmitting  antenna  and 
"seen"  by  the  receiving  antenna.  If  the  permittivity  (refractive  index  squared)  within  the  elementary 
volume  differs  by  an  amount  A<  from  the  average  value  of  the  permittivity  tD.  the  element  of  dielectric 
becomes  polarised,  giving  rise  to  a dipole  moment  dP  » A t dv  E0  when  under  the  influence  of  an  elec- 
tric flel^  £q.  At  distance  It  from  the  scattering  element  the  dipole  moment  results  in  a polarisation  po- 
tential d»  and  provided  k1*  » VV  • e (which  requires  R'»>V1'*),  the  scattered  field  strength  F.%  » k’n, 
where  if  is  the  wave  number  of  the  electric  field.  The  scattered  field  resulting  from  the  integral  of  ele- 
mentary scattering  elements  is  then  given  by 


where  I?  = ( - £ , ( and  ( being  the  wave  numbers  of  the  incident  and  the  scattered  fields,  respectively, 

° • ° ■ r * 

such  that  IKI  « (4n/X)sin  9/2,  where  9,  the  scattering  angle,  is  the  angle  between  k^  and  rq. 


Note  that  (t ),  which  is  derived  from  Maxwell's  equation,  is  perfectly  general  and  does  not  consider 
the  nature  of  the  refractive -index  irregularities  described  by  the  lunction  *(r,t).  This  function  may  be 
a stochastic  one,  in  which  case  the  refractive-index  field  is  conveniently  described  by  the  spatial  auto- 
correlation function  of  refractive  index,  or  we  may  be  dealing  with  an  ordered  variation  in  t , say  a hori- 
sontal  layer  through  which  the  refractive  index  varies  in  a systematic  fashion  expressible  as  a well- 
behaved  function. 

In  exactly  the  same  way,  £0(r)  describes  the  spatial  variations  in  the  electric  field  within  the  scat- 
tering volume. 

From  the  basic  equation  above,  we  see  that  there  are  two  limiting  cases: 

1 If  the  field  £(r)  is  constant  within  the  scattering  volume  (or  varies  slowly  in  space  in  comparison  with 
the  ( ( r)  function),  then 


/ «(?)«*■**•  ?d*; 


which  states  that  the  scattered  field  is  proportional  to  the  Fourier  transform  of  the  spatial  varia- 


tion in  refractive  index  within  the  scattering  volume  V. 


+ ♦ 

2 If  e(  r)  is  constant  within  the  scattering  volume,  then  the  equation  tells  us  that  the  diffraction  field  £[■ 

is  the  Fourier  transform  of  the  spatial  variation  in  field  strength  within  the  scattering  volum  ■ V. 

*D-  & ■ 


The  intermediate  conclusions  are  visualised  in  Figure  2.  1, 


Figure  2.  1 a)  The  scatter  field  is  the  Fourier  transform  of  the  patial  variations  in  refractive  index 
«(») 

b)  The  diffracted  field  is  the  Fourier  transform  of  the  spatial  variation  in  the  illuminating 
field  E(s) 


Now  let  us  concentrate  on  the  scattered  field  associated  with  spatial  variations  in  refractive  index 

e(r). 

We  shall  need  iirformation  about  the  scattered  power  P as  a function  of  scattering  angle  8.  To  ob- 
tain this  we  multiply  E,  by  its  complex  conjugate  E*  obtaining  the  scattering  cross-section  o given  by 

<r(9)  = (wkV2)*(K)  (2) 

where  ♦(&)  is  the  spatial  "power  spectrum"  of  the  refractive -index  irregularities  such  that  *(K)  is  the 
Fourier  transform  of  the  spatial  autocorrelation  function  of  e(  r).  The  scattering  cross-section  o is 
defined  as  the  mean  power  in  the  scattered  wave  per  unit  power  density  of  the  incident  wave  in  the  scatter- 
ing volume,  per  unit  solid  angle  in  the  direction  of  k,,  per  unit  scattering  volume. 

Note  that  the  power  spectrum  ♦(£)  is  the  Fourier  transform  of  the  spatial  autocorrelation  function 
of  refractive  index  fluctuations. 


Having^ obtained  an  expression  for  the  angular  power  spectrum  of  the  scattered  field  In  terms  ol  the 
function  <I*(K)  describing  the  spatial  variation  in  refractive  index,  the  questions  which  arise  are  the  fol- 
lowing: 

- Does  there  exist  a unique  form  of  the  <!>(&)  function? 

• To  what  extent  does  the  ♦(&)  function  vary  with  time  and  with  geographical  location  of  the  scattering 
volume  ? 

Many  forms  of  the  <fr(K)  function  have  been  suggested.  The  more  important  ones  are  associated 
with  the  following  names  : Obukhoff-Kollmogorov,  llooker- Gordon,  tiolgiano,  Wille  rs  - Veisskopf,  Norton. 

In  this  brief  discussion  ol  the  subject,  a detailed  discussion  of  the  relative  merits  and  justification 
for  the  various  <t>(K)  functions  does  not  seem  justified.  There  is  good  justification  (1.3)  for  writing  the 
power  spectrum  in  the  form 


where  n is  a number  that,  depending  on  the  atmospheric  conditions,  may  vary  Jiet-ween  approximately  2 
and  7.  Many  theories  predict  n = 11/3.  (experiments  show  (4,  3,  6.  7,  B,  9,  10)  that  n varies  within  wide 
limits.  The  theoretical  value  n * 11/3  appears  to  be  close  to  the  median  value  of  the  observations. 

ttased  on  the  refractive  index  spectrum  expressed  in  the  form  4>(K)  K’1'  we  shall  now  calculate 

some  of  the  characteristic  parameters  of  a long-distance  forward  scatter  circuit.  There  are  many  such, 
of  which  should  be  mentioned:  time-delay  spectrum,  bandwidth,  horiaontal  and  vertical  correlation  dis- 
tance of  field  strength,  antenna-to-medium  coupling  loss. 

In  this  survey  we  shall  concentrate  on  pulse  delay  and  on  bandwidth  and  limit  ourselves  to  stating 
the  expressions  for  other  important  radio  circuit  parameters  in  terms  of  parameters  describing  the 
atmospheric  structure. 

3 CALCULATION  OF  PULSE  DISTORTION  AND  CHANNEL  ItANDWIDTH  IN  TERMS  RADIO- 

METEOROLOC.1CAL  PARAMETERS 

Our  task  is  now  to  calculate  the  delay  spectrum  (pulse  distortion)  and  subsequently  the  bandwidth 
on  the  basis  of  information  about  the  refractive  index  structure  f(r)  as  expressed  by  its  spatial  power 
spectrum  *(K),  written  in  the  form  <I*(K)  K'". 

Using  wide-beam  antennas  at  either  end  so  that  the  multipath  transmission  is  governed  by  the  scat- 
tering mechanism  rather  than  by  the  beam  geometry,  we  first  seek  an  expression  relating  path  length  1 
and  the  position  in  space  of  the  scattering  element;  i.  e.  we  require  an  expression  relating  1 and  the 
scattering  angle  D (see  Figure  3.  I).  If  d is  the  length  of  the  chord  between  T and  R,  then  simple  geo- 
metrical calculations  give  the  required  results,  namely 

8 » 2 | (1/d)*  - 1 | 1 

If  we  transmit  a short  radio  pulse,  the  power  that  reaches  the  receiver  has  travelled  through  a 
wide  spectrum  of  different  paths. 

1'y  substituting  for  d in  the  expression  for  the  angular  power  spectrum  (P~  0 ”),  we  get  the  spec- 
trum relating  power  and  path  length.  Normalising  this  power  with  respect  to  the  power  received  via  the. 
shortest  propagation  path  1 , namely  that  determined  by  the  earth's  tangent  planes,  10  » d 1 1 * (d/2a)’  | *, 
(where  a is  the  effective  earth  radius),  the  power  spectrum  takes  the  form 


I «30)/P(lo)l  * (4a*/d’  )‘n/<2  I (l/d)  - lr1^2 

Expressing  this  spectrum  in  terms  of  the  path 
length  Al,  which  is  in  excess  of  the  minimum  path 
length  1 (i.e.  writing  1 « l„  ♦ A 1 ) , we  find  that 

the  power  spectrum  referre  dto  lc  is  given  by 


| P(Al)/P(l0)l 


I ♦ (Ha 1 d» ) A 1 | 


And  since  A l * r C,  where  C is  the  velocity  of 
light,  the  delay  spectrum  referred  to  r (the  shor- 
test time  delay)  is  given  by 

| P(r)/P(0)  | . | 1 ♦ (8a*  fC/d*)fn  1 (4) 


4^ 


Figure  3.  1 


The  delay  spectrum  is  determined  by 
the  variation  in  path  length 


The  1/e  width  of  this  delay  spectrum  is  then  given 
by 

Ar  » (dV8a’C)(e2  n - 1)  (5) 

If,  on  the  other  hand,  the  antenna  beams  are  narrow 
such  that  the  spread  in  the  path  length  is  determined 
by  beam  geometry  rather  than  by  the  4>(K)  function 
(i.  e.  the  beams  are  so  narrow  that  4>(K)  can  be  con- 
sidered constant  when  D varies  within  the  scatter- 
ing volume),  then  we  can  find  a simple  expression 


for  the  delay  spectrum  in  terms  of  geometrical  parameters, 
will  have  a width  Al/C  given  by  (11) 

Ar  = jjs  ( J 0 ♦ 01  ) 


Under  these  conditions  the  delay  spectrum 


where  0 is  the  beamwidth. 

Having  expressed  the  delay  spectrum  in  terms  of  radiometeorological  parameters,  we  shall  now 
apply  a similar  method  to  calculate  the  bandwidth  of  the  transmission  channel. 

To  avoid  the  confusion  which  often  arises  when  the  term  "bandwidth"  is  used  in  relation  to  scatter- 
ing processes,  let  us  define  what  we  mean  with  bandwidth. 

Consider  the  case  where  several  radio  waves  having  different  frequencies  are  transmitted  simul- 
taneously. At  the  receiver  the  power  at  each  of  these  frequencies  is  measured  as  a function  of  time 
(i.  e.  we  measure  Pj-^  (t),  (t)  etc).  If  we  t^ke  |j^e  instantanecus  ratio  of  power  at  the  various  frequen- 

cies and  integrate  the  ratio  (i.e.  we  form  / -pl ^ dt)  then  we  get  information  about  bandwidth. 

f i ' 

On  the  other  hand,  if  we  integrate  the  signal  at  either  frequency  over  the  appropriate  time  interval 

/ PFl(*)dt 

by  forming  JP  (t)dt  we  do  not  obtain  information  about  bandwidth  but  something  which  is  often  referred 
Pj 

to  as  "the  wavelength  dependence  of  the  scatter  circuit". 

PF  (t) 

Forming  the  / p 1 r v dt  is  one  way  of  obtaining  information  about  bandwidth.  Another  is  the  follow- 
ing. *F, 

As  in  the  case  above  we  transmit  a set  of  radio  waves  having  different  frequency.  We  now  make 
sure  that  all  these  frequencies  are  correlated  in  amplitude  and  phase.  This  is,  as  an  example,  achieved 
by  amplitude  modulating  a carrier,  thus  obtaining  two  sidebands  2 f apart,  if  f»w  is  the  frequency  of 
the  modulating  wave.  These  sidebands,  obviously,  are  correlated  in  amplitude  anciphase.  At  the  receiv- 
ing end  we  pick  up  the  two  sidebands  and  correlate  one  with  the  other  (i.e.  we  form  the  cross-correlation 
function  R|j(t).  The  more  narrow-banded  the  transmission  channel,  the  poorer  is  the  correlation. 
(Transmitting  many  correlated  waves  spread  over  a frequency  band,  we  can  find  the  complete  autocorrela- 
tion function  R(AF)  in  the  frequency  domain.) 

This  is  very  analogous,  as  we  shall  see  in  the  following,  to  the  power  spectrum  of  the  transmission 
channel. 

By  analysing  the  first  alternative  first,  we  can  use  the  results  of  simple  network  theory  to  obtain  a 
simple  approximate  result.  We  know  that  the  reeponae  to  a delta  pulse  of  a network  is  known  as  the  impulse 
r6*P°nse  V(r)  of  the  network.  Furthermore,  the  Fourier  transform  of  the  impulse  response  is  known  as 
the  transfer  function  F(w)of  the  network.  By  multiplying  this  transfer  function  with  its  complex  conjugate, 
we  obtain  the  power  spectrum  that  we  are  seeking.  From  the  previous  section  we  obtain  the  expression 
for  the  impulse  response  by  taking  the  square  root  of  equation  4.  Analyzing  this  function,  we  find  that  it 
closely  resembles  an  exponential  function  of  the  form  P(r)  = exp(-  ar).  The  l/e  width  of  the  impulse  res- 
ponse is  given  by 

Ar  = dJ(e4/"-  l)/8aC  (6) 

To  simplify  the  Fourier  transformation,  we  assume  an  exponential  impulse  response  such  that 
At  = l/<*  (when  we  introduce  only  a small  error).  The  Fourier  transform  of  the  exponential  impulse  res- 
ponse exp(-ar)  is  given  by 

F(a> ) = (a  + jw)"’ 

The  power  spectrum  is  then  given  by 

W(w)  = F(w)F*(ui) 

= (aJ  + wV 

Substituting  for  a as  obtained  from  equation  6 and  normalizing  the  resulting  equation  for  w = 0,  we  find 
that  the  f/2  power  width  of  the  power  spectrum  is  given  by 

Aw  = 8a’  Cd‘J  (e4,/n-  l)'1  (7) 

Now  let  us  compute  the  autocorrelation  function  in  the  frequency  domain  R(Aw).  The  voltage  V,  at 
frequency  w is  given  by  V,  = F(w)  = ( a + jw)"1  . Similarly,  the  voltage  V,  at  frequency  (w  + Aw)  is  given 
by  Vj  = F(w  + Au)  = (o+  j(w+Aw)j''.  The  normalized  complex  autocorrelation  of  these  two  voltages  is  then 
given  by 


R(Acj)  = 


•/(“  - j(w+2 


-L  I + wJ)  I dw 


By  solving  this  integral  we  get  the  following  expression  for  the  modulus  of  the  autocorrelation  function 
R(Aw)  = | 1 + (Ao/2a  )J|  ' 2 (8) 
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The  width  of  this  autocorrelation  function  it  obtained  by  letting  K(Au ) * j,  thu»  obtaining 

Su>lt  16(3)’  ’ a*Cd  1 (e*  I)-'  (9) 

Note  that  the  width  of  the  autocorrelation  in  the  frequency  domain  ia  2(3)‘  time*  the  1/2-power  width  of 
the  power  • peel  rum. 


A BRIEF  SUMMARY  c ' SOME  I MPORTANT  CHANNEL  CHARACTERIZATION  RE  I.A  TIONS  HI  PS 


We  have  calculated  two  oi  the  moil  important  channel  parameter!,  namely  pulse  distortion  and 
bandwidth,  in  terms  of  parameters  describing  the  atmospheric  structure.  These  two  important  radio- 

meteorological  parameters  are,  as  we  have  seen, 
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n,  which  gives  us  information  about  the  spatial 
spectrum  of  refractive  index  fluctuations 
(♦  (K)  a K'n)  and  a,  the  effective  earth  radius 
which  gives  us  information  about  the  bending 
effect  (refraction)  of  the  atmosphere  on  a radio 
wave.  This  effective  earth  radius  is  related  to 
the  real  radius  through  the  following  familiar  re- 
lationship 


1 1 dN 

a “ R dZ 


x 10H 


where  dN/dZ  is  the  rate  at  which  the  refractive 
index  decreases  with  height. 

With  reference  to  (1)  and  (2),  a set  of  re- 
lationships which  are  important  in  the  characteri- 
sation of  a radio  channel  is  given  in  Table  1. 


Table  1 Some  relationships  characterizing  a commu- 
nication channel 


5 RADIOMETEOROLOGICA1.  PARAMETERS  IN  RELATION  TO  RUTINE  METEOROLOGICAL 
OBSERVATIONS 

This  topic  has  been  considered  in  some  degree  of  detail  in  two  earlier  publications  (12,  13).  We 
shall  give  a summary  of  the  results  here.  As  we  have  already  mentioned,  and  as  will  be  substantiated  in 
the  following  section,  there  are  two  radiometeorological  parameters  which  are  of  dominating  importance 
with  respect  to  the  characteristic  properties  of  a forward-scatter  communication  circuit.  One  is  the  effec- 
tive earth  radius  a , the  other  is  the  spectrum  slope  n of  the  refractive  index  irregularity  spectrum. 

We  shall  now  discuss  the  relationship  between  purely  meteorological  factors  and  the  parameters  a and  n. 

A Determination  of  effective  earth  radius  a from  radiosonde  measurements 

The  refractivity  N (where  N = (n  - 1)10*.  n being  the  refractive  index)  ia  obtained  from  meteorolo- 
gical parameters  by  the  Debye  relationship 

N = 77  • 6 ^ + 3-  73  * 10‘  (10) 

where  P ia  the  total  pressure  in  millibars,  T the  absolute  temperature,  and  e the  water  vapour  pressure 
in  millibars.  Thus  from  knowledge  about  the  vertical  profile  of  P.  T,  and  e as  obtained  from  a conven- 
tional radiosonde,  we  can  calculate  the  refractivity  profile. 

Knowing  the  N profile,  we  can  calculate  the  ray  bending  from  Snell's  law  (14).  We  are  thus  able  to 
calculate  the  total  bending  to  which  a ray  is  subjected,  when  propagating  from  the  transmitter  to  the  centre 
of  the  scattering  volume. 

Similarly,  we  can  calculate  the  bending  experienced  from  the  midpath  point  to  the  receiver.  (In  prac- 
tice. we  perform  the  calculation  from  the  receiver  back  to  the  mid-path  point).  We  then  know  the  effective 
scattering  angle,  which  is  the  difference  between  the  angle  between  the  earth  tangent  planes  through  the 
transmitter  and  receiver  and  the  total  ray  bending. 

If  d is  the  distance  between  the  transmitter  and  receiver,  then  the  angle  9 between  the  tangent 
planes  is  given  by 


where  R is  the  real  earth  radius.  By  the  same  relationship,  we  then  obtain  the-  effective  earth  radius  a 
using  the  effective  scattering  angle 

Alternatively,  if  the  refractivity  gradient  dN/ds  is  constant  through  the  height  interval  involved  (from 
ground  to  scattering  volume),  then  the  effective  earth  radius  ia  given  by  the  simple  relationship 
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assuming  a near-horiaontal  direction  of  the  radio  beam. 


We  observe,  then,  that  on  the  basis  of  P,  T,  and  e,  data  from  a conventional  radiosonde  ascent, 
we  can  obtain  the  radiometeorological  parameter  a appropriate  for  a given  height  of  the  scattering  volume 
(corresponding  to  a given  path  length).  The  solid  lines  in  Figure  5.  1 show  probability  distributions  of  the 
ratio  a 'R  based  on  230  radio  soundings  at  Sola  in  south-western  Norway  during  1966  (2). 

For  comparison,  the  dashed  line  shows  the  ratio  a/R  based  on  45  radiosonde  ascents  during  October 
and  November  1970  at  Maniwaki,  near  Ottawa.  Canada.  This  line  lies  intermediate  to  the  Sola  curves, 
but  has  a slope  similar  to  the  Norwegian  summer  data, 

B Determination  of  spectrum  slope  n from  radiosonde  measurements 

Here  the  reader  is  referred  to  (12),  where  an  empirical  relationship  was  found  between  the  atmo- 
spheric stability  (a  somewhat  modified  version  of  the  well-known  VlisllS- Brunt  frequency  v*)  and  the 
slope  n of  the  refractive  index  irregulaiity  spectrum.  The  conventional  Vaisala-Brunt  frequency  appears 
as  the  numerator  in  the  Richardson's  number  and  is  normally  written  as 
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Here  g is  the  gravitational  constant,  T the  temperature,  dT/ds  the  vertical  temperature  lapse  rate, 
and  cp  the  specific  heat  at  constant  pressure.  We  see  that  the  expression  within  the  brackets  is  a mea- 
sure df  the  difference  between  the  actual  temperature  lapse  rate  and  the  adiabatic  lapse  rate.  This  expres- 
sion normally  refers  to  a limited  vertical  section  of  the  atmosphere. 


The  correlation  of  the  spectrum  slope  n with  atmospheric  parameters  describing  the  dynamic  state 
of  the  atmosphere  was  significantly  improved  when  a particular  weighting  function  was  placed  on  the  tem- 
perature contribution  to  the  stability. 


Specifically,  by  adding  a number  which  is  determined  by  the  temperature  at  the  860  mbar  surface 
(1600  m altitude)  to  the  Vaisala-Brunt  frequency,  the  n-  vJ  correlation  was  improved.  For  our  particular 
purpose  therefore,  a modified  version  of  vJ  was  used: 
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Here  T,  measured  in  degrees  K,  and  dT/ds,  in  degrees  per  100  m,  are  average  values  obtained  over  the 
850  - 400  mbar  levels  (1 . 5 to  7 km  altitude). 


PERCENTAGE  TIME  GIVEN  a/R  IS  EXCEEDED 


Figure  5.  I Distributions  of  the  ratio  of  effective 

to  actual  earth  radius,  based  on  radio- 
sonde observations  at  Sola,  Norway 
and  Maniwaki,  Canada 


Figure  5.2  Distributions  of  the  slope  of  the  spec- 
trum of  refractive  index  irregularities 
as  deduced  from  radiosonde  observa- 
tions and  beam-swinging  experiments 
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Having  obtained  v1  from  the  reaulta  of  a temperature  profile  determined  by  a conventional  radio-  , 

aonde  obaervation,  the  spectrum  slope  n is  found,  using  the  expression  for  the  n versus  v1  regression 
line : 

n = 40.  6 + 708  v1  (U) 

Figure  5 .2  shows  probability  distributions  of  spectrum  slope  n.  The  two  upper  curves  are  for  the  radio- 
sonde station  Sola  in  south-western  Norway  for  summer  and  winter  1966.  These  curves  correspond  to 
the  distributions  of  Figure  5.  1 and  form  the  basis  for  the  calculations  to  be  presented  in  the  following 
sections.  For  comparison,  Figure  5.  2 also  shows  n distributions  for  Mainwaki  and  for  Aalborg,  northern 
Denmark,  as  obtained  on  the  basis  of  radiosondes.  The  "predicted"  n distribution  for  Aalborg  is  com- 
pared with  that  deduced  from  radio  beam-swinging  experiments  (1,  12). 

C Channel  characterisation  statistics  on  the  basis  of  meteorological  data 

From  the  chapter  above,  we  are  in  a position  to  calculate  the  probability  distributions  for  some  of 
the  important  communication  channel  parameters. 

From  the  meteorological  data  as  converted  to  the  radiometeorological  parameters  n and  a and  pre- 
sented in  Figures  6.  1 and  9.  2,  we  are  able  to  calculate  channel  parameters  such  as  pulse  distortion  and 
bandwidth  from  the  list  of  basic  expressions  given  in  Table  1 and  derived  in  chapter  3. 

A set  of  such  probability  distributions  is  given  in  Figures  5.  3 and  5.  4 (for  further  details  on  other 
channel  characterisation  parameters,  the  reader  is  referred  to  reference  2). 


PERCENTAGE  TIME  GIVEN  DELAY  IS  NOT  EXCEEDED  PERCENTAGE  TIME  GIVEN  BAN0WI0TH  IS  EXCEEDED 


Figure  5.  3 Distributions  of  the  l/e  width  Ar  Figure  5.4  Distributions  of  the  half-power  band- 

of  the  time  delay  spectrum  width  Au 


6 FUNDAMENTAL  PROPERTIES  OF  A UNE-OF-SIGHT  RADIO  PROPAGATION  PATH 

In  the  preceding  chapter  we  presented  the  basic  principles  and  the  basic  relationships  in  scatter 
propagation. 

We  can  make  direct  use  of  these  also  in  connection  with  the  line-of- sight  problem. 

As  a consequence  of  the  fact  that  irregularities  in  the  atmospheric  refractive  index  structure  lead 
to  multipath  phenomena  and  delay  variations  when  an  electromagnetic  wave  passes  through  the  irregular 
transmission  medium,  we  suffer  a loss  in  bandwidth.  We  shall  now  give  some  theoretical  results,  which 
are  well  confirmed  experimentally,  giving  information  about  the  amplitude  covariance  as  a function  of 
frequency  separation  (i.  e.  bandwidth  properties  of  the  medium). 

Before  presenting  the  accurate  results  of  comprehensive  calculations,  we  shall,  as  in  the  case  of 
the  scattering  mechanisms  above,  give  some  quantitative  results  for  the  purpose  of  ensuring  a physical 
understanding  of  the  basic  physics  involved. 

Referring  to  the  simple  geometrical  sketch  of  Figure  6.  1,  we  see  that  there  are  two  extreme  paths 
through  which  the  electromagnetic  waves  can  travel  from  the  tranamitter  T to  the  receiver  R.  One  is 


the  ehorteat  direct  way  from  T to  R , the  other 
ia  via  a path  which  ia  X/2  wavelengtha  longer  than 
the  direct  route.  The  reault  of  theae  two  wavea 
ia  the  vector  aum  of  two  aignala  with  a 180°  dif- 
ference in  phaae  cauaing  deatructive  interferencea 

To  the  firat  order,  therefore,  we  would  ex- 
pect the  width • of  the  angle  of  arrival  apectrum 
at  the  receiving  point  to  be  given  by 


Knowing  the  angular  power  apectrum,  the 
beamwidth,  the  correlation  diatance  in  a plane 
through  the  point  of  the  receiver  normal  to  the 
line  T - R can  be  calculated.  It  can  be  ahown  (15) 
that  thia  apatial  correlation  of  field  atrength  ia  the 
Fourier  tranaform  of  thia  angular  power  apectrum. 

ictrum  ia  a **"  x function,  then  the  Fourier  tranaform  ia  a rectangular  function.  If 
the  correlation  diatance  of  field  atrength,  be  L,  then  we  have  the  following  relation- 
power  width  of  the  beam  8.,,  and  the  correlation  diatance  L 


Figure  6.  1 The  geometry  of  line-of-aight  propaga 
tion 


where  X ia  the  wavelength  of  the  electromagnetic  wave. 

In  paaaing,  note  that  thia  ia  the  aame  expreaaion  aa  that  relating  antenna  beamwidth  0,„  to  the  an- 
tenna aperture  diameter  L.  Thia  ia  not  aurpriaing  aince  the  antenna  radiation  pattern  (the  P(0)  function) 
ia  the  Fourier  tranaform  of  the  illuminating  field  atrength  diatribution  over  the  antenna  aperture. 

From  equationa  14  and  15  above,  therefore,  we  have 


i.e.  correlation  diatance  L * 0.88  vXd  (1°) 

Thua.  the  correlation  diatance  of  field  atrength  tranaverae  to  the  line  of  propagation  ia  comparable  with 
the  firat  Freanel  aone. 

Then  let  ua  calculate  the  bandwidth  Aw. 

From  chapter  3 above,  we  have  learnt  that  the  bandwidth  function  (autocorrelation  function  in  the  fre 
quency  domain)  ia  obtained  by  Fourier  tranaforming  the  delay  apectrum. 

For  aimplicity.  let  ua  again  aaaume  that  the  delay  apectrum  ia  of  the  **"  x form  with  a half-power 
width  Ar  = (X/2)/C.  The  bandwidth  function,  i.e.  the  frequency  tranafer  function  P(AF)  or  the  correla- 
tion function  in  the  frequency  domain  R(  AF),  would  then  be  a rectangular  function  the  width  of  which  ia 


| frequency  of  the  electromagnetic  wave 


Theae  were  the  approximate  reaulta.  Then  let  ua  preaent  the  reaulta  of  more  rigoroua  calculationa. 

Referring  to  Lee  and  Harp  (16)  it  can  be  ahown  that  the  covariance  between  wavea  with  different  wave 
numbera  k,  and  k,  (where  k = 2e/X  ) ia  given  by 

L.p  \A,k,  K*a(L  -a)  KJa(L  -a) 

CAp)  * 4ir*k,  kj  Jda  / dK  K • ♦(K)J<>(  L ain(  £k  P — )•  ain(  — ) (18) 


apatial  aeparation  of  receivera  between  which  the  correlation  ia  meaaured 
length  of  tranamiaaion  path 
elementary  diatance  along  the  path  L 

wavenumber  of  refractive  index  irregularitiea  (K=2»/l  when  1 ia  the  apatial  aiae  of  the 
irregularitiea) 

apectrum  of  refractive  index  irregularitiea.  Thia  ia  of  the  form  ♦(K)»  K n,  n being  an 
atmoapheric  parameter  which  variea  with  conditiona  (atability)  in  the  atmoaphere  (2,  12). 
The  median  value  of  n appeara  to  be  cloae  to  4. 

Beaael  function  of  aero  order 


As  we  shall  see  in  the  following,  this  co- 
variance  function  is  generalised  to  include 
covariances  in  both  space  and  frequency, 
and  indirectly  in  time. 

For  the  Kolmogorov  spectrum  4>(K) 
is  of  the  form  4>(K)  =• 

The  frequency  covariance  function 
for  this  spectrum  is  plotted  in  Figure  6.  2 
for  p = 0. 

As  an  insertion  in  the  figure  giving 
the  frequency  covariance  function  R(4F), 
a diagram  illustrating  the  relationship  be- 
tween bandwidth  and  atmospheric  structure 
is  given  (after  A Kjelaas).  Note  that  the 
structure  parameter  is  the  familiar  n 
parameter  (4>(K)  =■  K”n). 

Finally,  the  spatial  correlation  pro- 
perties of  the  electromagnetic  field  will  be 
subjected  to  comprehensi ve  calculations. 


Figure  6.  2 Amplitude  covariance  vs  frequency  separation 
f,  /f, . The  insertion  shows  the  influence  on 
bandwidth  of  the  slope  n of  the  refractive  in- 
dex spectrum  (♦  (K)  » K'n).  Bandwidth  is  de- 
fined as  X,  A]  for  correlation  coefficient  = j 


In  the  same  way  as  above  where  we  considered  waves  with  different  frequency  in  a multipath  environ- 
ment, multipath  causes  waves  to  interfere  in  such  a way  as  to  produce  an  interferrogram  in  a plane  nor- 
mal to  the  direction  of  propagation.  Correlating  then  the  field  strength  at  different  points  in  the  mentioned 
plane,  a covariance  function  which  decreases  with  increasing  spatial  separation  is  observed. 


We  now  use  the  same  basic  expression  as  above  (equation  18)  and  we  use  one  frequency  only,  thus 
putting  k,  = k, . The  expression  for  the  amplitude  covariance  between  waves  at  different  points  in  space 
with  orthogonal  separation  p relative  to  the  direction  of  propagation  is  then 


Lp  k 

C(p)  = 4xJk»  / ds  / dK-K-  4>(K)J(y^)' 

O O U 


Ks(L. 


(19) 


This  function  is  plotted  in  Figure  6.  3. 


Figure  6.  3 Spatial  correlation  of  field  strength  (from  Lee  k Harp,  Kjelaas) 
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7 SCATTERING  FROM  EARTH  SURFACE  IRREGULARITIES 

In  thia  section  of  th«  review  we  shall  focua  our  attention  on  the  earth'a  aurface,  thia  acting  aa  a 
reflector  of  electromagnetic  wavea.  There  are  aeveral  applicationa  of  auch  an  inveatigation: 

• The  ground  can  be  ueed  conatructively  in  reflecting  a radio  beam  in  a deaired  direction 

- Ground  reflection  can  give  undeaired  multipath  and  reduced  bandwidth  on  aatellite  and  terreatial  radio 
circuita 

- Ground  reflectiona  can  give  undeairable  interference  between  different  radio  ayatema 

- Radio  wavea  can  be  uaed  aa  a tool  in  the  atudy  of  the  topography  and  of  the  vegetation  of  the  earth  aur- 
face 

With  theae  applicationa  in  mind,  concentrating  on  the  communication  aapecta,  we  ahall  perform 
baaic  calculation*  for  the  purpose  of  obtaining  information  about  the  interaction  of  electromagnetic  wavea 
with  the  earth  aurface. 

In  order  to  aimplify  the  geometry,  let  ua  firat  conaider  the  backacatter  caae  involving  a monoatatic 
situation  with  both  the  tranamitter  and  the  receiver  at  the  aame  location  viewing  the  aame  geographical 
area. 

The  geometry  ia  sketched  in  Figure  7.  1;  our  aim  now  ia  to  calculate  the  bandwidth  of  the  reflecting 

(aurface.  We  have  ahown  in  chapter  3 above  that  thia  bandwidth  ii  calculated  from  the  delay  rprctrum  of 
the  reflector.  Specifically,  if  o(i)  be  the  diatributinn  in  depth  of  the  acatterera  auch  that  the  delay  spec- 

trum  ia  o(a/c)  where  c ia  the  wave  velocity,  then 
the  following  relationahipa  hold: 

F(w)  = Fourier  transform  of  o(i) 

Power  spectrum  W(cj)  = F(cj)  F*(cj) 

Bandwidth  of  reflecting  surface  ia  half-power  width 
of  W(w) 

Essentially  there  are  two  different  ways  of  proceeding: 

- A deterministic  procedure  in  which  the  scattered 
field  is  derived  from  the  geometry  of  the  scatter- 
ing object  using  Maxwell's  equation  and  the  approp- 
riate boundary  conditions,  by  calculation  of  the 
complex  reflection  coefficient  from  a finite  num- 
ber of  discrete  scattering  centres 

- A statistical  procedure  in  which  the  statistical 
properties  of  the  scattered  wave  are  calculated 
on  the  basis  of  statistical  information  about  the 
scattering  object 

The  relative  merits  of  theae  two  procedures  depend 
on  the  nature  of  the  problem  at  hand.  If  the  scatter- 
ing object  (scattering  surface)  is  a complex  one  de- 
scribable  only  in  terms  of  statistical  function,  the 
statistical  approach  is  superior. 

For  this  reason,  and  also  in  order  to  be  able 
to  use  the  expressions  developed  under  chapter  3 
above,  we  shall  alao  here  apply  statistical  methods. 

Referring  again  to  Figure  7,  1 we  express  the  distribution  in  depth  of  the  acatterera  (along  the  direc- 
tion of  propagation)  in  terms  of  a depth  distribution  function  (in  terms  of  a delay- spectrum)  o(z/c).  Note 
that  this  depth  distribution  refers  to  the  area  on  the  ground  illuminated  by  the  transmitter  and  "seen"  by 
the  receiver. 

Table  2 gives  the  results  of  calculations  based  on  a set  of  such  o(s/c)  functions,  the  resulting  w(f) 
functions  are  plotted  in  a normalised  form  in  Figure  7.2.  The  depth  distribution  parameter  Zq  is  taken 
as  100  cm  in  all  cases.  Since  the  wave  by  reflection  passes  twice  through  the  scattering  medium,  this 
implies  that  the  scattering  strata  is  50  cm  thick. 

Note  that  the  particular  form  of  the  depth  distribution  function  o( a/c)  has  a pronounced  influence  on 
bandwidth. 

We  see  that  if  the  scatterers  are  distributed  in  an  exponential  manner  over  50  cm  in  depth,  the  band- 
width of  the  reflector  is  48  MHs.  A gaussian  distribution  gives  a bandwidth  of  111  MHz,  while  a rectangu- 
lar one  gives  130  MHs  and  a triangular  one  gives  a bandwidth  as  high  as  200  MHz, 

From  a remote  probing  point  of  view  this  is  an  ideal  situation;  by  the  use  of  a simple  experiment 
involving  the  measurement  of  bandwidth,  detailed  information  about  the  topography,  or  about  the  vegeta- 
tion, can  be  obtained. 
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Figure  7.  1 The  geometry  of  the  backscatter  situ- 
ation. The  scatterers  are  distributed 
in  depth  s according  to  a o(s)  func- 
tion 
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Figure  7.  2 Bandwidth  properties  of  eome  topographic  aurfacea 
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Figure  7.  1 Bandwidth  properties  of  a scattering  surface  in  which  there  is  a periodic  structure  such  as 
evenly  spaced  branches  of  a tree 


Conversely,  in  order  to  be  able  to  calculate  the  effect  of  topographical  factors  on  the  bandwidth  of  a com- 
munication channel  involving  scattering  from  the  ground,  detailed  information  about  the  scattering  surface 
is  mandatory. 

Finally,  for  the  purpose  of  illustrating  the  influence  of  a periodic  structure  in  the  reflecting  medium, 
examplified  in  a pine  tree  with  equally  spaced  branches,  Figure  7.  3 is  given.  Here  the  tree  is  described 
in  terms  of  an  exponentially  damped  sinusoidal  oscillation. 

Note  that  the  peak  of  the  w{f)  spectrum  is  determined  by  the  spacing  of  the  branches,  whereas  the 
width  of  the  curve  as  before  is  determined  by  the  height  of  the  tree. 

The  example  based  on  a backscatter  monostatic  situation  is  not  a very  realistic  one  from  the  point 
of  view  of  communication. 

Now  let  us  discuss  the  bistatic  situation  in  which  the  transmitter  and  the  receiver  are  widely  sepa- 
rated. 

From  simple  geometrical  considerations,  with  reference  to  Figure  7.4,  we  find  that  the  difference 
in  path  length  A1  can  be  expressed  in  terms  of  depth  t as  follows: 

A1  =“  *(a  ♦ jj) 

where  a is  half  the  scattering  angle  and  d is  the  distance  between  transmitter  and  receiver  as  indicated 
in  Figure  7. 4. 


Figure  7.4  The  geometry  of  the  forward  scatter  situation 
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Thug,  if  the  digtribution  in  depth  of  the  gcattererg  is  zq  and  if  the  path  length  as  an  example  if  50  km  and 
the  angle  a is  (implying  that  the  vertical  distance  from  the  line  between  transmitter  and  receiver 

to  the  scattering  area  is  500  m),  then  the  resulting  delay  A1  is  approximately  zQ/i00. 

The  bandwidth  of  this  reflector  configuration  is  thus  increased  by  a factor  100  relative  to  the  pure 
backscatter  case. 


If,  however,  some  of  the  transmitted  power  reaches  the  receiver  directly  through  the  line  of  sight 
path,  then  the  spread  in  path  length  A1  is  given  by 


A1 


2Hj_H2 

d 


where,  as  before,  d is  the  path  length.  H,  and  H2  are  the  height  above  the  reflecting  surface  of  the  trans 
mitter  and  receiver  respectively. 


In  the  example  considered  above  H,  = H2  = 500  m and  d is  50  km. 

Under  such  multipath  conditions  the  difference  in  path  length  is  some  10  m,  and  the  bandwidth  is  re- 
duced by  a factor  1000  relative  to  the  case  discussed  above  with  forward  scatter  and  no  direct  line  of  sight 
path. 


Note  that  the  locus  of  the  reflection  point  for  constant  delay  is  an  ellipsoidal  surface  with  the  trans- 
mitting and  the  receiving  terminals  as  focal  points.  For  the  current  geometry,  therefore,  the  constant 
delay  surfaces  are  horizontal  and  parallel  near  the  mid-path  point.  As  a consequence  of  this,  it  is  the  dis- 
tribution of  the  scatterers  (i.  e.  the  o(z)  function)  along  a vertical  direction  in  space  normal  to  the  constant 
delay  surface  that  matters. 

Note  also  that  the  current  treatment  assumes  that  the  scattering  surface  is  sufficiently  smooth  for 
shadowing  effects  to  be  neglected.  Focusing  effects  stemming  from  large  curved  surfaces  are  also  neg- 
lected in  this  review.  For  details  on  this  subject,  the  reader  is  referred  to  (21)  and  (22). 


8 SCATTERING  BY  RAINFALL 

A review  on  scattering  mechanisms  in  relation  to  communication  and  channel  characterization 
would  be  incomplete  if  the  phenomena  related  to  rainfall  were  not  discussed. 

In  this  presentation  a simple  qualitative  discussion  will  be  given.  For  details,  the  reader  is  re- 
ferred to  e.  g.  (17),  (18),  (19)  and  (20). 

4 

When  studying  the  effect  of  precipitation  on  electromagnetic  waves,  several  factors  describing  the 
rain  structure  should  be  considered.  These  are: 

- Rainfall  rate 
Drop-size  distribution 

- Shape  of  raindrops 

- Canting  angle  of  raindrops  (orientation  in  space  of  ellipsoidal  raindrops) 

Rainfall  rate  and  drop  size  distribution  are,  evidently,  the  most  important  parameters. 

Consider  a dielectric  sphere  of  diameter  D in  an  electromagnetic  field  where  the  wavelength  X is 
large  compared  with  the  diameter  of  the  sphere.  The  sphere  will  give  rise  to  an  induced  dipole  moment 
as  discussed  in  chapter  2 above,  and  reradiate  the  power  which  has  been  extracted  from  the  incident 
electromagnetic  field  in  all  directions. 

The  region  where  the  diameter  of  the  sphere  is  very  long  compared  with  the  wavelength  is  known  as 
the  Rayleigh  region.  The  analysis  related  to  this  case  is  well  known  and  leads  to  the  result  that  the  scat- 
tering cross-section  of  the  sphere  increases  as  the  fourth  power  of  frequency.  If  the  sphere  has  a com- 
plex dielectric  constant,  part  of  the  power  incident  on  the  sphere  is  dissipated  as  heat  and  consequently 
causes  a reduction  in  the  amount  of  reradiated  power. 

Increasing  now  the  frequency  of  incident  radiation  such  that  its  wavelength  becomes  comparable 
with  the  dimensions  of  the  dielectric  sphere,  the  problem  rapidly  becomes  complex.  One  now  will  have 
to  consider  the  field  patterns  within  the  sphere.  The  simplest  pattern  is  that  obtained  when  the  circum- 
ference of  the  sphere  is  one  wavelength.  We  then  have  a condition  which  is  referred  to  as  dipole  reson- 
ance giving  maximum  scattering  cross-section.  Increasing  the  frequency  further,  a situation  character- 
ized by  quadrupole  resonance  occurs  when  the  circumference  is  two  wavelengths  long.  Decreasing  the 
wavelength  of  the  field  still  further,  hexapole  resonance  conditions  are  reached,  followed  by  octopole,  and 
so  on  until  the  cross-section  becomes  a highly  complex  linear  superposition  of  these  multipole  radiators 
which  finally  converge  to  the  limit  known  as  the  "geometrical"  value. 

Normalizing  the  scattering  cross -section  to  this  value,  the  scattering  cross-section  versus  frequen- 
cy dependence  is  shown  in  Figure  8.  1. 
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Figure  H.  I Norma  1 1 red  ■.  aili'niiu  cross -section  of  a dielectric  sphere  as  a function  ol  normalised  wave- 
length 


«»  CONF.  FUSION 

In  the  current  review,  consideration  Iran  boon  given,  with  varying  degree  of  aulratantiation,  to  the 
scatter  propagation  mechanisms  of  importance  in  relation  to  modern  communication  systems. 

It  has  been  shown  that  phenomenologically  scattering  from  inhomogeneities  in  the  tropospheric  re- 
tractive index  structure  or  from  topographic  irregularities  are  very  closely  related.  As  a consequence 
of  this,  a unified  theoretical  approach  is  adopted  in  this  review.  The  mam  results  can  be  summarised  as 
follows  - 

- On  the  basis  of  knowledge  about  the  tropospheric  structure  as  obtained  from  conventional  meteorological 
radio  soundings,  all  the  important  parameters  characterising  a tropospheric  communication  channel  can 
be  deduced. 

- Channel  statistics  (probability  distributions  of  important  communication  parameters)  can  be  obtained  by 
simple  calculation  from  climatological  statistics.  Examples  of  such  channel  characterisation  para- 
meters are  bandwidth,  delay  spectrum  width,  spatial  correlation  of  field  strength,  antenna -to- medium 
coupling  loss. 

For  scattering  processes  involving  the  earth  surface  (topography,  vegetation),  the  communication  para- 
meters can  be  calculated  from  information  about  the  topographic  structure  or  from  knowledge  about  the 
plants.  Knowing  the  height  distribution  of  the  geographical  area  illuminated  by  the  radio  transmitter 
and  "seen"  hy  the  receiver,  as  obtained  from  conventional  topographic  maps  or  from  measurements  on 
plants,  channel  parameters  such  as  bandwidth  and  delay  spectrum  width  can  be  calculated. 
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S\»mary 

A phyaioal  modelling  technique  has  been  used  as  an  aid  in  the  study  of  radio  wave  propagation  in  the 
troposphere. 

Tbs  basic  technique  employs  an  optioal  modal,  scaled  and  constructed  to  represent  a full  sise 
tropospheric  radio  system,  where  a coherent  light  beam  is  propagated  through  an  inhomogeneous  gaseous 
medium  whose  structures  and  properties  might  be  considered  to  represent  the  real  atmosphere.  The  model 
has  been  used,  concurrently  with  tha  full  scale  system,  to  conduct  a number  of  investigations  in  an 
attempt  to  establish  the  significance  of  the  time  varying  refractive  index  properties  of  the  medium  in 
relation  to  changes  in  the  structure  of  the  propagated  beam  at  distances  from  the  souroe. 

A summary  of  some  of  the  many  simple  experimental  studies  that  have  been  made  is  given  to  illustrate 
the  value  of  the  technique.  A comparison  of  these  results  with  those  obtained  from  the  full  scale 
system  gives  rise  to  the  conclusion  that  the  primary  mechanisms  of  trans-horison  propagation  are 
associated  with  atmospheric  structures  in  the  lower  region  of  the  troposphere. 

1.  Introduction 

Current  theories  on  the  mechanisms  of  radio  wave  propagation  in  the  troposphere  postulate  trans-horison 
propagation  by  either  'ducting'  or  'scattering'  prooesses.  Whilst  the  'ducting*  phenomenon  is 
attributed  to  atmospheric  inversions  the  'scattering'  is  generally  attributed  to  the  effects  of  certain 
types  of  turbulence  or  strata  present  within  the  confines  of  a 'common  volume'.  This  'common  volume'  is 
conveniently  defined  by  that  volume  which  is  described  at  the  intersection  of  the  receiver  and  transmitter 
beams  used  In  any  given  system.  The  principal  mechanism  of  propagation  beyond  a radio  horizon  is 
therefore  assumed  to  be  one  of  forward  scatter.  In  oertain  areas  of  the  world  'radio-ducting'  may  be 
preferred  as  a possible  mode  of  propagation. 

for  many  years  a considerable  nimtber  of  research  projects  have  been  undertaken  to  support  these 
hypotheses  hit  without  the  measure  of  success  that  is  likely  to  make  a significant  contribution  to  the 
design  of  radio  communication  systems  which  make  use  of  the  troposphere  as  a transmission  medium.  This 
work  has,  however,  brought  about  the  development  of  a large  number  of  very  elegant  analytical  solutions  to 
problems  of  extrems  complexity  and  which  are,  at  least,  of  considerable  academic  interest  and  value.  In 
recent  years,  atmospheric  probe  techniques  involving  the  use  of  radar,  lidar  and  acoustic  sounders  have 
been  developed  to  display  the  possible  boundaries  of  the  meteorological  inhooogenelties  present  in  the 
lower  atmosphere.  Unfortunately,  the  value  of  these  techniques  is  virtually  limited  to  the  Interpretation 
of  the  results  obtains!  from  those  regions  scanned  by  the  particular  probes  employed.  Whilst  these 
results  may  bo  of  considerable  value  to  the  radio  meteorologist  their  value  to  those  concerned  with  the 
transmission  or  propagation  of  electro-magnetic  waves  at  very  high  frequencies  is  somewhat  limited.  The 
practical  difficulties  of  probing  or  sensing  the  properties  of  the  atmospheric  medium  ore  well  known  and  do 
not  require  further  discussion.  Nevertheless,  the  assumptions  that  must  be  aoplied  to  the  results 
obtained  from  any  atmospheric  probe,  including  the  radio  refractometer,  must  be  speculative  if  they  are  to 
ba  used  as  the  basis  of  any  subsequent  description  of  the  atmospheric  region  explored.  The  atmospherio 
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volume  that  exists  between  ths  transmitter  and  receiver  terminals  of  a trana-horl aon  radio  system  la  of 
a magnitude  and  coaplaxity  that  daflaa  inn  partial  description,  to  say  nothin#:  of  predicting  futura 
baharlour.  In  tha  British  lalea,  with  its  sari tins  oliaata,  i«n  meteorologists  have  aoaa  difficulty 
in  describing  the  atata  of  tho  ataoaphara  at  any  inatant.  Thsy  Itara  a van  greater  difficulty  in 
predicting  tha  weather  conditions  that  might  prevail  aoaa  few  houra  ahead.  This  la  in  apite  of  an 
anormoua  store  of  statistical  evidence  and  more  than  a modest  range  of  lnatruaentatlon. 

There  is  therefore,  even  at  thia  present  time,  a not  insignificant  void  in  our  knowledge  of  both 
the  properties  and  behaviour  of  the  troposphere  as  a 'region  of  weather'  and  ns  a propagation  medium. 

In  the  final  stages  of  ths  assessment  of  the  total  path  loss  for  a proposed  tropospheric  radio  system, 
theory  and  conjeoture  are  foroed  to  give  way  to  experlenoe,  whiah  has  produoed  many  eaplrioal  rules  and 
laws,  because  of  the  uncertainties  surrounding  the  actual  mechanisms  of  propagation  that  might  be 
Involved.  rredictlng  even  the  long  term  variations  that  these  path  losses  nay  suffer  la  also  extremely 
preoarioua,  from  a eomasrclal  point  of  view,  for  the  a tuna  reasons.  Tha  coupling  between  the  antennas 

in  a system  and  tits  propagation  nediia  is  even  a subject  of  soma  conjecture  and  which  also  may  be 
direotly  related  to  tha  asohaniams  of  propagation. 

In  1939  Avsec  (l)  described  a laboratory  model  that  had  been  developed  to  demonstrate  both  tha 
structuea  and  behaviour  of  Benard  convective  oells  which  were  produoed  under  controlled  conditions  in 
laboratory.  Sinoe  that  time  many  msteorologista  have  resorted  to  various  forma  of  modelling  techniques 
in  thsir  attempts  to  understand  the  behaviour  of  the  mo teoro 1 ogy  of  the  ntmosnhere.  Indeed,  there  have 
been  many  areas  of  applied  solence  where  the  physieal  model  has  proved  of  great  value  in  ths  ultimate 
solution  of  problems  by  displaying  features  whioh  pure  theory  either  negleots  or  is  unable  to  completely 
describe.  In  any  experimental  study  where  there  is  a degree  of  control  over  the  significant  parameters, 
tha  results  obtained  allow  aoaa  strength  to  be  given  to  any  conclusions  that  might  be  subsequently  made. 

Seas  years  ago  tha  author  (2)  reported  ths  development  of  a simple  laboratory  model  as  an  aid  to  the 
study  of  radio  wave  propagation  in  ths  troposphere.  At  that  time  it  was  felt  that  whilst  a number  of 
very  elegant  hypotheses  (3,  4,  and  5.)  had  already  suggested  various  mechanisms  of  trans-horison 
propagation  in  the  troposphere,  these  did  not  have  very  significant  support  from  the  practical  experience 
being  gained  by  thoee  designing  and  operating  the  many  successful  radio  ayetema  being  developed  and 
hrought  into  odamerolal  service.  Ths  situation  still  prevails  to-day  in  spite  of  the  considerable 
research  work  that  has  been  undertaken. 

The  model  was  developed  by  ooabinlng  the  type  of  technique  used  by  Avaeo  with  other  modern  optical 
techniques  in  order  that  the  behaviour  of  a laser  beam,  representing  a transmitter  beam,  may  be  studied 
when  propagated  through  an  inhomogeneous  gaseous  medium  within  the  confines  of  s laboratory.  When  used  in 
conjunction  with  a full  soals  tropospheric  system,  such  a model  provides  a means  of  obtaining  at  least  a 
greater  appreciation  of  the  physioal  properties  of  the  troposphere  that  may  be  influencing  tbs 
propagation  of  ths  transmitted  beam  on  ths  full  soals  system.  At  best  ths  model  has  ths  potential  of 
almost  completely  representing  the  full  acnls  system.  A eosled  model  laboratory  representation  of  ths 
full  soals  system  was  oonstruotsd  by  ths  use  of  a scaling  factor,  derived  from  the  ratio  of  the 
wavelengths  of  ths  modal  (laser)  and  full  seals  transmitters.  Tha  initial  stages  of  construction  of  ths 
modal  path  were  mads  relatively  easy  since  the  transmission  path  of  the  fUll  aoale  link  was  considered 
'smooth'.  It  was  therefore,  only  necessary  to  soals  auoh  principal  dimsnaiona  as  path  length,  antenna 
apertures  and  heights  ato.  By  protaotlng  ths  'model  atmosphere'  over  tho  'model  transmission  path'  with 
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• suitable  transparent  anoloaura  a large  degree  of  oontrol  waa  maintained  over  the  varioua  inhomogeneous 
oondltlona  that  could  be  created  In  the  nodal  to  produce  and  ainulato  any  type  of  fading  that  la 
experienced  in  a full  aoale  ayatem. 

A siamary  of  the  aimple  experimental  atudlna  that  have  been  made  with  thia  nodal,  in  conjunction 
with  atudlea  on  a full  acala  ayatem,  *111  bo  Given  to  demonstrate  the  facilities  that  the  model  offera. 

The  reeulta  obtained  from  some  of  theae  studies  suggest  conclusions  which  may  be  at  variance  with 
ourrent  concepts.  It  ahould,  however  be  appreciated  that  the  majority  of  these  studies  have  been  carried 
out  with  the  prime  objeot  of  determlnlnG  tho  causes  of  fading  in  transmissions  through  an  inhomogeneous 
medium. 

By  obtaining  a truly  physical  conoept  of  the  mechanism  of  fading,  attention  is  drawn  to  the 
possibility  of  alternative  mechanisms  of  propagation  whioh  are  particularly  applicable  in  the  case  of 
trans-horl son  propagation. 

2.  THE  LABORATORY  MODEL 
2.1  The  basic  structure 

The  experimental  full  aoale  tropospheric  system  that  was  used  initially  as  the  basis  of  the 
laboratory  model,  operated  at  a frequency  of  900.00  MHs  (X*  30  cma.)  and  over  a total  path  length  of 
150  km.  Slnoe  the  profile  of  thia  path  was,  for  all  practical  purposes,  considered  'smooth'  the  baslo 
model  path  was  constructed  from  aluminium  plate  whose  upper  surface  waa  ground  and  polished.  Aluminium 
being  chosen  because  its  conductivity  and  permittivity  properties  at  optical  frequencies  are  similar  to 
those  of  'average  ground'  at  radio  frequencies.  Provision  waa  made,  on  the  underside  of  the  ground  plane, 
for  heating  elements  to  be  attaohed  for  the  purpose  of  heating  and  producing  a temperature  gradient  in  the 
gaseous  me  dim  immediately  above  its  upper  surfaoe.  The  model  'transmitter'  was  a laser  source,  of 
0.6328  A (632.8  n.m).  The  horlaontally  polarised  beam  from  this  source  was  focussed  by  a series  of  lens 
and  spatial  filters  and  passed  through  an  aperture  representing  a scaled  version  of  the  full  scale  antenna 
aperture,  to  provide  a oonionl  beam  having  the  correct  beam  width.  This  transmitter  antenna  aperture  was 
sited  at  one  end  of  the  model  path  and  aligned  to  projeot  the  beam  along  the  centre  line  of  the  path. 

Slnoe  in  the  full  aoale  system  identical  parabolic  antennas  were  used  at  both  the  transmitter  and 
reoelver  terminals,  a similar  aperture  was  used  for  the  model  'receiver'  antenna.  Although  basically 
mounted  at  a soaled  height  at  the  'reoelver  end'  of  the  model,  the  reoelver  aperture  waa  mounted  to  allow 
movement,  normal  to  the  axis  of  the  transmitter  beam,  ir.  both  vertioal  and  horliontal  directions.  The 
light  illuminating  this  aperture  was  transferred  to  a photomultiplier  'reoelver'  by  a flexible  optloal 
fibre  bundle.  The  Pig.  l gives  an  outline  of  the  basio  layout  of  the  eseential  model  system.  for  the 
purpose  of  thia  report  the  only  dimension  of  prime  Importance  is  that  of  the  path  length.  In  modelling 
a full  aoale  path  150  km.  for  a transmission  wavelength  of  30  am.  the  path  length  may  be  given  as 
150.1C?/0.3  • 5.  x 10.  X.  For  the  later  source,  where  X-  632.8  n.m,  an  identloal  transmission  path 
length  will  be  31.64  cm.  For  the  purpose  of  the  baslo  studies  associated  with  the  full  soale  system  the 
path  was  constructed  to  this  length.  An  arbitary  width  of  20  cma.  was  chosen  to  exoeed  the  horliontal 
dimension  that  might  be  asoribed  to  the  oommon  volume  at  the  intersection  of  the  transmitter  and  reoelver 
beams,  whioh  were  eaoh  of  6 degress  in  this  oase.  Thia  width  was  also  considered  to  be  sufficient  to 
allow  the  adequate  development  and  movement  of  inhomogeneous  air  masses  due  to  temperature  gradients  etc., 
within  the  transml tter  beam  over  the  entire  length  of  the  model  path.  Apart  from  the  arbitrary  width 
of  the  model  path.  It  is  essential  to  appreciate  that  all  the  essential  physical  dimensions  of  the  full 
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■cal*  path  are  those  represented  through  tha  identical  dimension*  of  tha  transmission  wavalangth. 

Por  aoat  of  tha  atudiaa  oonduoted  on  tha  modal  tha  gaasoua  msdium  vaa  air,  tha  total  voluaa  of 
vhloh  «aa  basioally  oonflnad  to  tha  artent  of  tha  nodal  path  by  optically  flat  glass  boundaries 
oona true tad  froa  aloroaoopa  oovor  glaaa  slips.  This  allowed  for  any  ohangss  to  bo  aada  in  ths  gaasoua 
aadiua  to  pro  rids  considerably  different  refractive  indices  If  ths  need  arose,  (e.g.  carbon  dioxide) . 

In  this  six  pis  fora,  by  heating  ths  ground  plans  to  pro duos  a temperature  gradient  which  In  turn 
gave  rise  to  natural  movement  within  tha  gaseous  nedlia,  there  was  ths  facility  to  study  various  forms 
of  fading  rsoorded  at  ths  aodsl  reoeiver. 

2.2  AigUjj gj  squint 

Perhaps  ths  greatest  virtue  of  the  modelling  technique  as  a whole  is  that  facilities  for 
aeasursaent  are  generally  greatsr  than  those  that  might  be  available  in  the  full  scale  situation.  This 
is  particularly  true  in  the  oase  of  the  atmosphere. 

In  tha  original  development  of  this  laboratory  model,  facilities  were  provided  for  the  aeasursaent 
of  most  of  ths  parameters  relevant  to  any  particular  study  that  might  be  proposed.  Temperature  probes, 
in  the  fora  of  very  small  bead  theraeswters  were  mounted  into  the  ground  plane  for  ths  purpose  of 
measuring  surface  temperature  at  various  strategic  points.  In  addition,  similar  probes  could  be  mounted 
on  manipulators  for  the  purpose  of  ths  simultaneous  measurement  of  temperatures  or  variations  in 
temperatures  at  any  array  of  points  in  the  enclosed  'atmospheric  volume'.  This  particular  facility  is 
impossible  in  the  real  atmosphere. 

Similar  facilities  were  also  provided,  by  the  use  of  small  hot-wire  anemometers  mounted  on  probes, 
for  the  measuresMnt  of  velocities  or  velocity  changes  within  the  gaseous  medium. 

The  changing  density  gradients  of  the  air  masses  moving  within  the  'model  atmosphere'  were  observed, 
at  any  point  on  the  path,  by  means  of  a simple  Schlieren  interferometer  whose  principal  axis  was  aligned 
normal  to  the  oentre  line  of  the  model  path.  Tor  convenience  in  observation  and  recording,  the  image 
produced  by  the  interferometer  was  projected  in  to  a television  camera  for  subsequent  display  on  a suitable 
monitor.  The  inclusion  of  diffraction  gratings  into  the  interferometer  system  also  allowed  the 
development  of  a simple  method  (6)  of  obtaining  instant  refractive  index  profiles  for  all  points  along 
the  entire  length  of  the  model  path. 

The  Tig.  2 shows  the  actual  form  of  the  laboratory  model  with  some  of  the  auxillinry  equipment.  The 
basic  path  oan  be  seen,  without  its  boundaries,  in  the  oentre  of  the  picture.  The  remaining  components 
may  be  identified  in  the  diagram  given  in  ths  Tig.  3. 

Additional  facilities  were  also  provided  to  introduce  further  mechanical  disturbances,  in  the  form 
of  controlled  surface  winds  eto.,  by  adding  low  speed  wind  tunnel  seotlona.  An  example  of  such  a 
section  can  be  seen  in  the  Tig.  4 when  added  to  the  model  to  provide  surface  winds  in  a direction  normal 
to  the  propagation  path.  Where  the  effects  of  nurfnoe  winds  are  to  be  studied  when  the  gaseous  medium 
is  not  air  it  is  neoessary  that  ths  wind  tunnel  additions  should  be  of  the  closed  circuit  type. 

3.  PROPAGATION  aWMKfl 

3.1  Propagation  ever  a 'smooth  earth1 

3.1.1  fading  due  to  an  inhomogeneous  medium 

Por  those  who  are  familiar  with  the  behaviour  of  tropospheric  radio  systems,  it  la  well  known  that  a 
very  large  number  of  investigations  have  been  carried  out  over  a period  of  many  years  with  the  object  of 
relating  the  many  forme  of  fading  that  can  occur  on  a given  system  with  the  various  meteorological 
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phenomena  that  ara  frequently  aasumed  to  ba  directly  aaaooiatad  with  or  reaponaible  for  certain 
msohanlaae  of  propagation.  This  is  particularly  applicable  to  the  trans-horlson  ay a tern  which  is 
usually  characterised  by  the  continuous  fading  to  which  it  is  subjected.  With  few  exception!),  where 
'ducting'  is  aasuaed,  trans-horlson  propagation  is  deemed  possible  as  a result  of  a 'scatter  structure' 
conveniently  contained  within  a 'common  volume'  at  the  intersection  of  the  transmitter  and  receiver 
antenna  beams.  In  reality,  and  in  spite  of  the  numerous  elegant  hypotheses,  there  is  very  little 
evidence  to  give  conclusive  support  to  these  conoepts.  The  instrumentation  that  would  be  necessary  to 
provide  the  neoessary  indisputable  evidence  is  a practical  impossibility.  Is  it  therefore,  correct  to 
aaau»e  that  trana-horlson  propagation  ia  only  possible  by  a 'scatter'  mechanism,  or  even  'ducting',  in 
all  cases? 

The  type  of  fading  that  is  frequently  experienced  on  a tropospheric  radio  link  is  shown  in  the  Fig. 

5.  Statistically  this  type  of  fading  is  often  described  as  having  a 'Rayleigh'  distribution.  It  is 
also  subject  to  considerable  variation  in  both  depth  and  frequency  depending  on  the  state  of  the 
atmosphere  along  the  transmission  path.  The  particular  example  shown  was  recorded,  on  the  full  scale 
link  operating  at  a frequency  of  900  M.Hs,  during  a period  when  the  whole  tropospheric  medium  along  the 
path  was  devoid  of  any  significant  layering,  according  to  meteorological  soundings.  Only  light  winds 
and  a significant  array  of  cumulo-nimbus  clouds  prevailed,  to  suggest  considerable  convection  or 
' thermaling' . 

By  setting  up  the  model  with  the  transmitter  and  receiver  beams  adjusted  ns  shown  in  the  Fig.  6.  and 
heating  the  ground  plane  to  give  a temperature  gradient  of  approximately  - 6*/3000  Xor  1 k.m.  a fading 
record,  obtained  from  the  output  of  the  photo-multiDlier  'receiver',  was  produced  as  shown  in  the  Fig.  7. 
It  should  be  noted  that  the  model  lapse  rate  was  constructed  to  identify  approximately  with  that 
published  for  the  full  scale  path. 

Whilst  the  fading  record  was  being  obtained  on  the  model,  photographs  or  interferograms  of  the 
Inhomogeneous  structures  within  the  gaseous  medium  were  obtained  from  the  Schlieren  interferometer.  The 
Fig.  8a  is  an  example  taken  of  the  instantaneous  structure  mid-point  along  the  centre  of  the  path.  The 
horlsontal  extent  of  the  image  is  approximately  10*  wavelengths,  A few  seconds  later  this  image 
changed  to  that  shown  in  the  Fig.  8b.  The  lower  edge  of  the  image  is  the  ground  plane  of  the  model  and 
the  'white'  region  repreeents  a positive  vertical  density  gradient.  The  continuous  behaviour  of  these 
structures  is  suoh  that  there  is  continual  movement  with  considerable  change  in  both  the  extent  and 
intensity  of  the  density  distributions.  This  activity  is  to  be  observed  over  the  entire  path  length. 

With  the  aid  of  temperature  probes  it  can  be  easily  shown  that  there  is  a very  significant 
correlation  between  this  activity  and  the  fading  obtained  at  the  receiver.  Furthermore,  for  a given 
lapse  rate  along  the  path  it  has  also  been  shown  by  experiment  that  there  is  a preferred  'angle  of  shoot' 
for  both  transmitter  and  reoelver  antennas  to  give  an  'optima  signal'.  This  is  a condition  which  is 
*l»»ye  encountered  in  setting  up  a tropospheric  radio  system  and  not  easily  explained.  During  the 
course  of  these  simple  studies  there  was  at  no  time  any  evidence  of  'scattering'  from  turbulence  occurring 
at  an  elevated  region  above  the  regions  shown. 

At  this  stage,  it  is  worth  noting  that  the  Schlieren  interferometer  is  capable  of  adjustment  to  show 
'density  gradient*  distributions  in  either  the  vertloal  plane,  as  in  the  examples  given,  or  the 
horlsontal  plane.  A number  of  studies  to  investigate  the  relationship  between  fading  and  density 
distributions  in  the  horlsontal  plane  along  the  path  yielded  no  correlation  whatsoever. 


a similar  study  was  made  of  the  fading  characteristics  of  transmissions  made  on  the  900  MHt  system  upon 
which  the  model  under  discussion  was  baaed.  In  both  cases,  one  of  the  aost  significant  results  that 
was  obtained  is  the  high  correlation  between  surface  wind  velocity  and  fading  rate  or  frequency.  A 


second  result,  of  perhaps  equal  significance,  is  that  a high  correlation  was  found  to  exist  between  the 
depth  of  fading  (Rayleigh)  and  surface  lapse  rate.  The  rather  more  detailed  studies  carried  out  on  the 
900  MHt  system  produced  a particularly  significant  correlation  between  surface  wind  velocity  and  fading 
rate  for  cases  where  the  direction  of  the  wind  was  normal  to  the  propagation  path.  All  of  these  results 
were  simulated  by  the  model  and  give  some  confirmation  to  results  previously  reported  by  other  workers 
(8).  Examples  of  these  results  are  given  In  the  Fig.  9 to  show  the  "smoothed"  power  spectra  of 

(a)  fading  characteristics  obtained  from  a full  scale  link  for  different  surface  wind  velocities, 

(b)  fading  characteristics  obtained  from  the  model  of  the  full  scale  system  for  different  stream  or 
•surface  wind'  velocities.  It  will  be  observed  that  by  comparing  the  two  sets  of  characteristics, 
whioh  were  originally  matched  through  their  spectral  density  distribution,  yield  a scale  factor  of 
72  relating  the  real  and  model  surfaoe  wind  velocities.  These  results,  for  both  the  full  scale  and 
model  systems,  also  give  good  agreement  with  the  predictions  of  Tatarski  but  only  in  the  cases  of 
nsgliglble  wind  velocities.  A justification  of  the  wind  velocity  seals  factor  and  alternative  proposals 
to  Tatarski,  and  which  apply  to  all  conditions,  are  subjects  of  work  to  be  published  in  the  near  future. 

In  order  to  introduce  a 'surface  wind'  into  the  model  path  it  is  only  necessary  to  add  a simple  low 
speed  wind  tunnel  seotion  to  the  path  structure.  An  example  of  s 'through  flow'  tunnel  mounted  on  this 
model  has  been  shown  in  the  Fig.  4.  Care  must,  however,  be  taken  in  the  construction  of  such  a tunnel 
to  ensure  that  it  is  capable  of  maintaining  a lamina  flow  in  the  air  stream.  It  is  also  important  to  ensure 
that  the  'ground  plans'  of  the  tunnel  does  not  generate  a significant  boundary  layer  turbulence,  even  at 
the  very  low  stream  velocities  that  will  be  required.  This  can  be  verified  usually  try  introducing  smoke 
filsmenta,  generated  from  good  quality  Cigars,  into  the  working  sections.  Tits  stream  velocity  and 
turbulence  at  any  part  of  the  propagation  path  are  readily  measured  with  the  aid  of  sensitive  hot-wire 
anemometer  probes.  Observation  of  the  lnterferogrsm  displayed  during  the  Introduction  of  a surfaoe  wind, 
gives  cloar  indications  of  additional  movement  in  the  density  distributions  shown  in  the  Fig.  8.  Indeed 
there  are  two  distinct  effects  whioh  can  be  readily  observed.  Depending  on  the  sensitivity  of  the 
interferometer,  the  region  of  greatest  density  gradient  lxnedlately  above  the  ground  plans  reduces  in  its 
vertical  extant  and  becomes  more  Intense  with  increases  in  stream  velocity.  The  broken  'bubble'  or 
'thermal'  structures,  seen  in  the  Fig.  8b,  are  seen  to  move  in  the  direction  of  the  stream  at  very  low 
veloolties.  As  the  stream  velocity  is  increased  these  structures  break  up  into  smaller  components  until 
a critical  velocity  is  reached  destroying  all  evidence  of  a cellular  structure.  These  conditions  bring 
about  a considerable  change  in  the  shape  of  the  croas-aeotion  of  the  transmitted  beam,  with  the  attendant 
increases  in  the  frequency  of  fading.  All  of  these  features  can  be  readily  recorded  on  cine-film. 
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3.1.3.  Refractlw  index  profile# 

For  aany  ya&n  refractive  index  profiles  Muurtd  with  the  aid  of  a radio-re  free  toaster,  haw  baan 
obtained  for  wry  oonflnad  regions  of  propagation  paths  whioh  haw  baan  the  subjects  of  lntanalw  study. 
Whilst  these  profiles  aay  be  of  considerable  interest  to  the  radio  meteorologist,  their  value  in 
Indicating  those  properties  of  an  ataospherlo  medium  whioh  are  relevant  to  propagation  la  soaewhat  Halted. 
In  a aediua  which  is  subject  to  fairly  rapid  continual  ohangea  in  both  structure  and  refractlw  properties, 
it  is  only  those  structures  which  predominate  for  extended  periods  that  haw  a Barked  lnfluenoe  on  the 
shape  and  character  of  a profile  which,  by  the  nature  of  the  Bet hod  of  asasureaent,  takes  a significant 
period  of  tlas  to  ooaplete.  Ewn  then,  because  of  the  extrene  practical  difficulties,  it  is  laposslble 
to  obtain  sufflolent  additional  evidenoe  to  support  the  Interpretation  of  the  irregularities  in  a given 
profile  to  oonflra  the  exletenoe  of  structures  to  which  they  are  ascribed.  The  atatistloal  evidenoe 
provided  by  the  refraotcaeter  is  eiBilarly  Halted  in  its  value  elnoe  it  can  only  apply  to  the  point  or 
points  within  a wry  large  voluae,  from  whioh  it  has  been  obtained. 

Howwr,  the  refractlw  index  properties  of  a propagation  aediua  are  clearly  of  priae  importance  to 
propagation  whatever  aeohanisas  are  considered.  It  aay  be  suggested  that  given  structures  would  be 
characterised  only  by  the  three  diaenalonal  distribution  of  refraoture  index  properties  within  a given 
aediua. 

The  aodal,  already  described,  lends  itself  to  the  dewlopaant  of  additional  techniques  which  allow  the 
evaluation  of  these  refractlw  index  properties  by  virtue  of  its  physical  sise  and  the  degree  of  eontrol 
that  can  be  exerted  on  the  state  of  the  gaseous  aediua.  The  refraotiw  index  properties  of  suoh  a asdlun 
is  readily  aeaaured,  in  terns  of  teaperature  only,  by  the  use  of  staple  probes.  In  the  case  where  the 
aediua  experiences  continual  change,  this  aethod  will  haw  no  nore  value  than  the  refraotcaeter.  Howwr, 
by  Introducing  diffraction  gratings  into  a Schlieren  interferometer  system  it  is  possible  to  obtain 
Instantaneous  two  diaenalonal  information,  which  is  recorded  by  photographio  aethoda  for  any  given  plane 
and  from  which  refractlw  index  profiles  aay  be  produced.  The  principal  of  the  modified  or  Moire  - 
Schlieren  interferoaeter  lnvolwa  the  displacement  of  the  line  structure  in  the  inage  of  a grating, 
relatlw  to  a reference,  due  to  refraotlon.  The  wlue  of  the  refractlw  index  in  a particular  region  is 
oaloulated  froa  an  evaluation  of  this  displacement.  The  resolution  of  ths  aethod  is,  of  course, 
dependant  upon  the  line  density  of  the  gratings  used.  This  technique  was  developed  (6)  for  use  on  the 
aodel  by  adapting  the  existing  Schlieren  interferoaeter.  An  example  of  the  profiles  obtained  by  this 
method  is  given  in  the  Fig.  10.  It  should  be  noted  that  these  profiles  apply  to  the  sane  region,  and 
for  the  ease  conditions,  as  that  shown  in  the  Fig.  8.  It  should  also  be  noted  that  both  horiiontal  and 
wrtioal  dimensions  are  glwn  in  terns  of  the  wavelength  of  the  aodel  transmitter  to  avoid  the  need  of 
unnecessary  scaling  faotors.  The  method  has  the  advantage  of  allowing  the  simultaneous  recording  of 
both  the  gaseous  structures  and  their  refraotiw  index  properties  for  the  purpose  of  ooa  pari  eon. 

For  the  example  glwn,  with  air  as  the  gaseous  aediua,  it  oan  be  seen  that  the  irregularities  in  the 
profiles  dewlop  and  change  with  horlsontal  dis tanas  along  the  propagation  path.  In  the  wrtioal 
direction,  the  majority  of  these  irregularities  relate  to  the  region  of  high  density  gradient  and  are  only 
shown  to  extend  soae  0.1  x 10  X altitude.  This  upper  altitude  limit,  would  be  equlwlent  to  3.0  ka.  in 
the  ftall  scale  system. 

Froa  the  array  of  profiles  glwn  in  the  Fig.  10  the  horisontsd  refraotiw  index  gradient  profiles  for 
various  altitudes  aay  be  readily  obtained.  Similarly  the  use  of  a staple  integration  prograaae  will 
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yield  the  corresponding-  profiles  of  refractive  lndsi.  Proa  ths  example  (Ivan,  these  extend  over  the 
range  248.72  to  248.774  N.  units. 

If  an y one  of  these  profiles  eaa  obtained  in  practice  it  is  unlikaly  that  ths  meteorological  structure 
implied  therefrom  would  be  thet  shown  in  the  Pig.  8s. 

3.1.4.  Kadar  sounding 

In  addition  to  ths  use  of  the  radio-re  free  tome  ter  as  an  atmospheric  probe,  radar  techniques  have  been 
employed  as  a further  aid  to  provide  additional  information  on  the  possible  presence  and  extensions  of 
staosphsric  structures.  The  boundaries  of  these  structures  being  marked  by  those  regions  where 
permittivity  values  experience  significant  a hangs.  There  are  many  examples  of  the  traoos  from  vertical 

radar  soundings  that  are  available  to  describe  various  structures  such  as  layering,  turbulence,  Kslvin- 
Helmholta  waves  etc.  Although  the  technique  is  extremely  valuable  in  meteorological  studies  it  is  an 
extremely  expensive  aid  in  general  studies  relating  to  the  atmosphere  as  a propagation  medium. 

Since  this  aodsl  technique  has  been  developed  to  allow  inhomogeneous  structures  along  a given 
propagation  path  to  be  both  observed  and  defined  by  two  dimensional  distributions  of  refractive  Index, 
temperature  and  velocity,  the  simulation  of  radar  sounding  was  considered  to  complete  the  ensemble  of 
instrumentation. 

Ths  Schlieren  interferooetsr  provides  images  of  structures,  within  a region  of  interest,  the  limits  of 
which  are  defined  by  those  regions  where  the  density  gradient  changes  sign  (positive  or  negative'  This 
feature  was  utilised  to  provide,  initially,  the  equivalent  of  a vertical  sounding  radar  faoillty  on  tha  model. 

Kach  frame  produced  by  tha  C.C.T.V.  monitor,  displaying  the  interferogram,  waa  sampled  with  a vertical 
'window'  which  oould  be  displaced  to  any  position  on  one  horisontal  line.  The  total  video  signal 
contained  within  this  vertical  'window'  waa  than  differentiated  with  respect  to  the  'y'  or  vertical  plane 
to  give  uni -directional  pulses  at  eaoh  point  where  tha  video  signal  changed  level  from  black  to  white  and 
vice  versa.  These  pulses  were  then  applied  as  2 - modulation  on  a separate  oscilloscope  which  wna  provided 
with  a synchronised  time  base  in  the  'y'  direction  only,  aa  shown  In  the  schematic  diagram  given  in  the 
Fig.  11.  If  ths  image  on  ths  C.R.O.  is  then  recorded  on  film  which  has  been  transported  across  ths  face  of 
the  tubs  at  a constant  velocity,  then  a height-time  recording  typical  of  that  obtained  in  practice  is 
obtained.  The  Mg.  12  gives  typical  examples  of  these  recordings. 

In  ths  Mg. 12s.  is  given  the  typs  of  record  which,  if  obtained  by  a full  scale  radar  system,  might  he 
interpreted  as  indicating  a 'layer'  structure  which  is  perhaps  eub.iected  to  ’ sheer'  conditions  end 
introducing  a wave  motion.  This  record  was  mads  during  ths  time  when  tha  record  in  Mg.  t<a  was  obtained 
and  merely  diaolays  tha  oslling  of  convective  activity.  Tha  Mg.  12b.  shows  a more  complex  situation 
comprising  conveotive  oireulatlon  with  a secondary  activity,  at  a higher  altitude,  which  includes  a large 
bubble  region. 

By  ths  combined  alignment  of  ths  interferometer  and  the  C.C.T.V.  camera  'soundings'  may  be  made  at  all 
angles  between  the  horiiontal  and  vertical  planes. 

3.2.  Fropagatlon  over  obstacles  - the  sffsots  of  the  atmosphere . 

In  ths  planning  of  modem  tropospherio  radio  systems  ths  essential  path  loss  calculations  that  are 
mads  may,  on  ths  basis  of  ths  general  path  geometry  have  to  include  estimates  associated  with  i vtural 
obstacles.  In  many  cases  the  clasaloal  two  dimensional  'knife-edge'  or  'cylinder'  ia  --.sad  aa  a suitable 
equivalent  for  the  purpose  of  auch  calculations  without  any  regard  for  the  third  dimension  profile  of  the 
obstacle  or,  indeed,  the  atmospheric  structures  lsmedlately  above  the  obstacle.  In  ths  modern  systems 
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environment,  the  'shielding'  effect  of  a natural  obatacla  ia  of  similar  Importance  to  the  'obstacle  gain' 
that  it  say  offer.  Errors  arising  from  the  use  of  the  classical  obstacle  mortals  can  be  extremely  serious 
and  possibly  very  embarrassing.  Such  errors  can  also  suffer  considerable  variation  as  a result  of  the 
influences  of  the  atmospheric  medium  immediately  above  a given  obstacle. 

This  aspect  of  propagation  has  been  the  subject  of  a mmber  of  studie8(9, 10) using  modelling  techniques. 
In  at  least  two  cases  the  results  obtained  have  compared  favourably  with  the  re suite  obtained  in 
corresponding  full  scale  systems. 

3.2.1.  Diffraction  due  to  a 1 conical1  mountain 

Plaid  surveys  previously  carried  out  to  estimate  the  total  path  lose  for  a particular  system, 
involving  the  use  of  a mountain  to  provide  'obstacle  gain',  caused  some  concern  in  respect  of  the  predictable 
performance  of  the  system.  This  particular  mountain,  being  of  volcanic  origin  and  haring  a classical 

oonioal  shape,  was  ohoeen  as  a subject  for  study  in  a series  of  experiments  on  obstacles. 

The  development  of  this  particular  study  included  measurements  of  the  diffraction  field  in  the  shadow 
of  a classical  right-circular  cone  of  vertex  equal  to  the  height  of  the  mountain,  with  and  without  a density 
gradient  in  the  gaaeoua  medium  immediately  above  the  surface.  The  two  simple  studies  demonstrated  quite 
clearly  the  effects  of  the  properties  of  the  gaseous  medium. 

The  cone  was  then  remodelled  to  a scaled  model  of  the  actual  mountain.  The  previous  measurement 
procedure  for  the  cone  was  repeated  for  the  more  realistic  model  to  provide  seta  of  measurements  relative 
to  a similar  but  classical  shape. 

Although  this  work  has  been  previously  reported  (<i)  it  is  worth  comparing  the  two  interesting 
distributions  given  in  the  Pig.  13.  The  intensity  levels  displayed  were  measured  by  scanning  the  field  in 
directions  normal  to  the  direction  of  propagation,  in  the  shadow  of  a model  mountain  at  a fixed  distance 
from  the  mountain  and  at  varying  angles  of  depression  from  the  horizontal,  with  reference  to  its  peak. 

The  Pig.  13a.  shows  the  distribution  with  a simple  density  gradient  in  the  air  immediately  above  the  surface 
of  the  model  and  which  is  different  from  that  when  the  air  density  gradient  is  zero.  The  Fig.  13b.  shows 
the  changes  that  occur  when  the  air  density  gradient  distribution  is  subjected  to  distortion  by  the 
external  forces  of  a surface  wind.  The  changes  in  the  density  gradient  distribution  can  be  seen  in  the 
interferograms  shown  in  the  Pig. Id. 

For  comparison  with  the  'knife-edge'  losses  that  would  be  used  in  practice,  both  field  distributions 
include  the  'knife-edge'  losses,  calculated  for  the  centre  of  the  propagation  path.  Whilst  this 
particular  study  has  been  compared  very  favourably  with  a similar  study  on  a full  scale  system,  the  results 
indicate  the  Influence  of  prevailing  winds  on  the  so-called  obstacles  gain  of  a mountainous  obstacle. 

3.2.2.  Diffraction  due  to  a ' rtd£Sl 

The  few  selected  studies  that  have  so  far  been  described  have  been  concerned  with  the  modelling  of 
fairly  long  distance  trans-horizon  systems,  where,  in  addition  to  diffraction  effects,  'scatter'  mechanisms 
would  normally  be  assured.  By  way  of  acme  contrast  with  these  studies,  a relatively  short  distance  path 
of  some  9 km.  which  included  a low  mooth  grass-topped  ridge  at  a distance  of  1.2  Km.  in  front  of  the 
transmitter  antenna,  was  modelled  for  study.  The  system  was  operating  at  a frequency  of  10  CRz  and  the 
transmitter  beam  width  was  2.3  degrees  with  the  axis  aimed  at  the  top  of  the  ridge  obstacle  some  25  m.  in 
elevation.  The  height  of  the  transmitter  antenna  was  set  at  5 m.  above  ground  level. 

This  particular  system  was  chosen  because  path  loss  data  was  available  from  field  surveys  that  had  been 
carried  out  in  regions  of  the  receiver  terminal  and  where  the  differences  between  the  values  calculated  from 


'knife-edge'  or  1 aaooth  cylinder1  models  vara  considered  significant.  Tha  abort  laagth  path  oaa  alao  a 
challenge  to  tha  physical  limits  that  tha  modelling  technique  would  allow.  Considerable  oara  vaa  required 
In  tha  production  of  an  accurately  oontourad  nodal  aurfnoa.  In  alunlniiai,  to  rapraaant  tha  terrain  In  tha 
region  oonaldarad. 

in  aitenalaa  study  vaa  nada  of  tha  flald  distribution  over  tha  vhols  aurfaoa  of  tha  nodal  that  was 
subject  to  tha  transmitted  flald  In  the  shadow  of  tha  ridge  and  with  a density  gradient  scaled  In  the  air 
a bore  the  nodal.  Tha  aazlnia  error  between  tha  nodal  and  full  aoala  path  surreys  at  all  points  of 
neasurensnt  newer  exceeded  * 2dB.  This  result  Includes  o os pari sons  that  were  nada  between  ’shallow  fading* 
aotlrlty  that  was  encountered  in  oertain  regions  of  tha  terrain.  Whilst  a full  aocount  of  this  work  has 
been  published  recently  (lo).  It  la  worth  reporting  hare  that  tha  surreys  carried  out  on  the  model  drew 
attention  to  a relatirw  high  Intensity  flald  present  at  some  altitude,  equivalent  to  approxlaately  0.9  Kn. 
above  the  receiver  terminal . Suoh  a flald  reflected  free  the  top  of  tha  rldgs,  was  never  considered  to 
exist  In  tha  full  scale  ays  tea.  Tha  possible  distribution  in  tha  vertloal  plans  above  the  receiver  terminal. 
Illustrating  this  feature,  la  given  In  the  fig.  15a.  A photograph  of  tha  field  distribution  In  tha  vertical 
plana,  normal  to  tha  direction  of  the  tr&zualtted  bean,  ianedlately  above  tha  reoelver  terminal  la  given  In 
tha  fig.  15b.  from  a pure  diffraction  and  propagation  point  of  view  this  feature  la  of  little  conaequenoe. 
fron  an  Interference,  or  'shielding',  point  of  view  It  la  of  considerable  significance. 


The  selection  of  aiaple  laboratory  studies  that  have  been  described  in  this  report  were  chosen  to 
denonstrate  that  sons  of  tha  principal  features  of  tropospheric  transmissions  can  be  successfully  simulated  in 
the  laboratory.  By  controlling  the  properties  of  a 'laboratory  atmosphere'  above  a scaled  version  of  the 
path  a real  system,  all  of  tha  common  typss  of  fading  forma,  together  with  auch  features  as  'drop-outs'  etc., 
can  ba  readily  simulated.  In  addition,  by  modulating  tha  transmit  ted  bean,  the  effects  of  fading  on  various 
forma  of  'data'  transmission  can  be  readily  studied  under  near  real  conditions  without  the  use  of  a full  slse 
ays  tea. 

There  are  of  course  obvious  physical  limitations  to  the  minimum  dimensions  of  a full  scale  system  that  may 
be  modelled.  The  shorter  wavelength  of  the  laser  aouroe  operating  in  the  visible  real  region  of  the  spectrum 
gives  rise  to  rather  high  wavelength  scaling  factors  for  modelling  the  majority  of  full  scale  systems 
operating  in  the  U.H.F.  bands.  A laser  source  operating  In  the  longer  wavelength  region  (e.g.  infra-red) 
offers  considerable  advantages  In  respect  of  scaling  factors  but  there  are  considerable  difficulties 
associated  with  low-level  detectors.  Perhaps  the  greatest  disadvantage  of  this  particular  technique  ia  that, 
at  tha  present  tins,  there  la  no  provision  for  the  introduction  of  precipitation  into  the  scaled  'atmosphere'. 
However,  the  majority  of  studies  conducted  on  the  model  have  been  concerned  with  the  various  dynamic  states 
of  the  propagation  medium.  Any  precipitate  forma  in  the  real  atmosphere  are  usually  confined  to  the  meso- 
oellular  structures  in  which  they  are  created.  Similar  structures  in  the  model  could  therefore  be  assumed 
to  possess  enhanced  re  fracture  properties  if  precipitate  was  present. 

Modelling  the  true  atmosphere  completely  is,  of  course,  at  least  as  difficult  as  solving  any  problems 
concerning  its  behaviour.  However,  by  creating  an  inhomogeneous  geaeous  medium  in  the  laboratory,  and  whose 
total  volimt  is  described  in  terms  of  the  wavelength  of  the  electro-magnetic  wave  propagated  through  the 

medium,  some  physloal  appreciation  is  obtained  of  those  perturbations  that  are  relevant  to  fading.  If  in 

reality#  fading  is  a function  of  the  variations  and  changes  that  might  be  occurring  in  those  structures 
directly  associated  with  the  mechanisms  of  propagation,  then  the  model  would  seem  to  suggest  that  these 

mechanisms  are  associated  with  the  lower  regions  of  the  troposphere.  It  will  be  recalled  that  moot  of  the 

studies  described,  were  carried  out  in  conjunction  with  studies  on  full  scale  systems.  Because  of  the 
phenomena  suggested  by  the  model,  the  results  obtained  on  the  full  scale  system  were  all  related  to  surfsoe 
data  with  a high  degree  of  success.  As  a result,  it  was  possible  in  all  cases  to  completely  simulate  the 
behaviour  of  the  full  system  on  the  model.  The  simulation  includes  both  total  path  loss  and  fading  together 
with  a visual  recording  of  the  air  mass  movements  talcing  place  within  the  medium.  In  spite  of  the 
construction  of  'turbulence'  in  the  region  of  the  so-called  'common  volume',  even  with  a carbon  dioxidw 
medium,  there  waa  no  evidence  of  significant  'scattering'  from  that  region. 

This  evidence  strongly  suggests  that  the  successful  operation  of  most,  if  not  all  tropospheric  radio 
systems  is  primarily  due  to  refractive  or  dispersive  structures  in  the  lower  regions  of  the  troposphere. 

For  a tropospheric  radio  system  to  be  commercially  viable,  a high  percentage  service  time  is  a necessary 
requirement.  For  the  vast  majority  of  regiona  in  the  world  this  is  only  likely  to  be  achieved  if  the 
mechanisms  of  propagation  are  primarily  associated  with  atmospheric  structures  whioh  exist  for  considerable 
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proportions  of  the  day  or  year  (e.g.  in  excess  of  90?Q . Whilst  there  is  little  or  no  evidence  to 
support  the  existence  of  'scatterers'  in  the  for®  of  strata,  'blobs',  etc.,  for  any  significant  peri.jda 
of  tine,  there  is  always  circulation  at  or  near  the  earth's  surface. 
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Pig.  9a.  Smoothed  spectral  density  distributors  for  fading  samples  obtained,  from  a 
full  scale  radio  system,  for  different  surface  wind  velocities. 


Pig.  9b.  Smoothed  spectral  density  distributions  for  fading  samples  obtained,  from  a soaled  model 
of  a radio  system,  for  different  surface  wind  velocities. 
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SUMMARY 


The  evaporation  duct  model  used  is  that  of  Kahan  and  Eckart  consisting  of  a 
discontinuous  drop  of  the  otherwise  constant  relative  permittivity  at  the  upper  duct  boun- 
dary. The  earth  is  assumed  to  be  a perfect  conductor  and  ideally  plane.  We  determine  the 
electrical  field  strength  exactly  at  some  fixed  point  within  the  duct  layer  having  chosen 
a certain  polarization  of  the  primary  source  whose  moment  is  allowed  to  vary  arbitrarily 
in  time.  The  method  used  for  solution  is  essentially  based  on  the  application  of  two 
functional  transforms  and  Cagniard's  method  for  their  inversion. 

Physically,  the  applicability  of  Cagniard's  idea  is  based  on  the  evaluation  of 
the  field  in  a series  of  image  sources  of  the  primary  source.  The  field  strengths  of  the 
image  sources  combine  to  the  total  field  strength  with  different  signs  for  the  two  polari- 
zations apart  from  the  fact  that  they  are  of  different  mathematical  structure.  Hence  we 
can  give  a physical  intuitive  description  of  the  polarization  dependence  of  the  time  his- 
tory of  the  electrical  field  strength.  Furthermore  a number  of  numerical  examples  clear- 
ly show  the  different  effect  of  the  evaporation  duct  on  differently  polarized  carrier  mo- 
dulated pulses.  It  turns  out  that  for  certain  values  of  the  carrier  frequency  the  evapo- 
ration duct  causes  different  arrival  times  for  differently  polarized  pulses,  which  is  ex- 
plained through  their  different  modal  cut-off  frequencies. 

1 . INTRODUCTION 

Radio  navigation,  radar  target  identification  and  telecommunication  systems 
are  seriously  affected  by  modification  and  distortion  of  the  electromagnetic  waves  during 
their  propagation.  Especially,  pulsed  signals  of  nano-second  durations  may  be  strongly 
distorted  by  the  evaporation  duct,  which  is  defined  as  a shallow  simple  surface  duct 
existing  over  any  water  surface  of  reasonable  size,  in  particular  the  sea,  for  a large 
proportion  of  the  time  (Rotheram,  1974). 

A recent  paper  of  the  author  (Langenberg,  1974)  treated  this  problem  in  detail: 
a theory  for  the  electromagnetic  pulse  propagation  in  a simple  model  (Kahan  and  Eckart, 
1950)  of  the  evaporation  duct  has  been  given  for  the  source  being  a vertical  magnetic  di- 
pole, hence  horizontal  polarization  has  been  assumed  in  this  paper.  Yet  in  experiment  the 

evaporation  duct  shows  a polarization  dependence  for  time  harmonic!  signals  (Jeske,  per- 
sonal communication,  1975);  therefore  the  Nato  Advanced  Study  Institute  Workshop  at  Gos- 
lar  (Fed.  Rep.  Germany)  (Jeske,  1976)  stimulated  the  investigation  for  transients.  The 
present  paper  extends  the  above-mentioned  theory  to  the  case  of  a vertical  electric  dipole, 

1. e.  vertical  polarization.  Discussion  of  the  results  occurs  in  comparison  with  those  ob- 
tained for  the  horizontal  polarization  case  (Finkler  and  Langenberg,  1975) . 

2.  FORMULATION  OF  THE  PROBLEM 

Fig.  1 shows  the  duct  model  of  Kahan  and  Eckart.  A dielectric  layer  is  assumed 
of  relative  permittivity  6,  overlying  an  infinitely  conducting  plane  earth,  which  is  con- 
fined by  the  plane  z = 0 of  a rectangular  coordinate  system  (x,y,z) . At  the  height  h this 
permittivity  decreases  discontinuously  to  the  value  £j. . The  relative  permeability  y-  is 
assumed  to  be  constant  throughout  the  half-space  z > 0.  We  refer  to  the  layer  as  medium  1 

and  to  the  half-space  z > h as  medium  2.  The  fields  which  belong  to  the  two  media  are 

marked  by  corresponding  indices.  The  source  of  the  field  is  assumed  to  be  a vertical  elec- 
tric dipole  in  medium  1 at  the  point  x = y = 0,  z=J  > 0 whose  moment  is  given  by 

Pe  = l 0;  0;  F(t)  S(x,y,z-J  ) } , t being  the  time  variable  and  b the  three-dimensional 

6 -distribution.  Regarding  F(t)  we  make  the  causality  assumption  F(t)  =0  for  t 0.  This 
guarantees  the  uniqueness  of  our  solution.  Physically,  dF(t)/dt  describes  the  time  vari- 
ation of  the  current,  which  flows  in  an  equivalent  short  linear  antenna,  whose  transient 
radiation  field  is  not  very  different  from  the  one  radiated  by  an  ideal  electric  dipole 
(Langenberg  and  Rech,  1976). 

3.  METHOD  OF  SOLUTION 

The  calculations  exactly  follow  the  flow-chart  of  Fig.  2. 

The  starting  point  is  the  wave  equation  for  the  electrical  field  strength  2(x,y,z,t)  in 
the  two  media 


The  first  step  is  the  application  of  a Laplace  transform  with  respect  to  time,  which 
yields  a three-dimensional  Helmholtz  equation  in  the  spatial  coordinates  for  the  Laplace 
transformed  field  strength  (x,y,z,s).  This  step  uses  initial  conditions:  electric 

field  strength  being  zero  for  t equal  to  zero.  The  next  step  is  a representation  of 
etvl  (x,y,z,s)  as  a two-dimensional  inverse  Fourier  integral 
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yielding  a one-dimensional  Helmholtz  equation  in  the  height  coordinate  z for  the  Fourier 
transformed  field 
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where  j = 7 -1  ; 


and  e,,  are  unit-vectors  in  x-  and  y-direction,  respectively.  The 
function  f(s)  denotes  the "Laplace  transformed  excitation  function  F(t)  and 
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with  Re^.>  O;  Re  means  real  part. 


The  solution  of  the  ordinary  differential  equation  (3)  can  be  written  down  immediately  in 
terms  of  unknown  integration  constants.  These  constants  can  be  determined  as  solution  of 
an  algebraic  system  of  equations  resulting  from  the  boundary  conditions  for  the  electro- 
magnetic field  on  the  earth's  surface  and  at  the  upper  duct  boundary.  The  condition  of  the 
finiteness  of  the  field  at  infinity  corresponds  to  the  Laplace  transformed  initial  con- 
ditions and  is  also  used  for  the  determination  of  the  above-mentioned  constants. 


Thus  results  an  integral  representation  of  the  Laplace  transform  of  the  electric  lield 
strength  in  terms  of  two-dimensional  inverse  Fourier  integrals,  i.e.  for  the  transformed 
z-component: 
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with  the  reflection  coefficient  at  the  upper  duct  boundary 
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(6) 


The  transformed  x-  and  y-components  of  the  vertical  electric  dipole's  field  are  of  a simi- 
lar structure  as  e^1  ; they  are  not  given  here  since  we  restrict  our  attention  to  the  ver- 

tically polarized  component.  The  same  holds  for  all  field  components  outside  the  duct  layer. 
The  difference  of  the  field  representation  (5)  compared  with  the  corresponding  one  for  the 
^-component  in  the  horizontal  polarization  case  (Finkler  and  Langenberg,  1975),  that  Is 
to  say  the  case  of  the  magnetic  dipole,  is  mainly  due  to  the  different  structure  of  the 


pertinent  reflection  coefficients  c^  for  horizontal  polarization  or  c^}  for  vertical  po- 


larization, where 


A 


C - X-  ~ ■ (7) 

To  come  back  to  the  original  space-t 1 me -domain  we  use  the  method  of  Cagnlard  in  the  modi- 
fication of  de  Hoop,  which  can  be  extended  to  our  present  problem  where  total  reflection 
phenomena  occur  (Langenberg,  1974).  This  method  works  if  we  first  choose  Fit)  ■ 1/2  t1 , 
yielding  f(s)  ■ s'1  , and  If  we  secondly  use  a series  expansion  of  the  Integrands  of  our 
integral  representation  15).  Physically,  this  series  expansion  yields  a representation  of 
the  solution  In  terms  of  the  Images  of  the  primary  source,  which  result  from  the  succes- 
sive reflections  at  the  earth's  surface  and  at  the  upper  duct  boundary,  the  latter  always 
yielding  a multiplication  with  the  reflection  coefficient  cu  . Fig.  3 indicates  the  dif- 
ference between  the  two  polarizations.  The  signal  from  the  primary  source  Qf  within  the 
duct  layer,  that  is  to  say  the  •f  -component  or  z-componeut  of  the  electric  field  strength 
is  normalized  to  arrive  with  the  amplitude  one  for  both  polarizations  at  the  point  of  ob- 
servation, which  is  also  situated  within  the  layer.  Then  the  signal  from  its  direct  image 

at  the  upper  duct  boundary  - 0<n  - arrives  with  the  amplitude  cn  or  c , respectively, 
since  it  is  multiplied  with  the  pertinent  reflection  coefficient  at  this  boundary.  The 
next  part  of  the  signal  to  arrive  is  the  one  from  the  image  source  0»v  , the  image  of  Qf 

at  the  perfectly  conducting  earth.  Hence  the  amplitude  is  again  of  the  absolute  value  one, 

but  there  is  a change  of  sign  for  the  horizontal  polarization  case.  This  change  of  sign 
is  maintained  if  Q oi,  .1*  reflected  at  the  upper  duct  boundary  resulting  in  Qol  and  the 
amplitudes  -ca  and  +c<t  . On  the  other  hand,  a new  change  of  sign  occurs  in  the  reflection 
of  Q0<  at  the  perfectly  conducting  earth  yielding  0 oj  and  again  -cw  and  c4l  . This  proce- 
dure is  continued  resulting  in  image  source  groups  of  equal  and  opposite  signs  for  the  two 
polarizations.  Naturally  higher  order  groups  occur  with  appropriate  powers  of  the  reflection 
coefficients.  Summarizing  these  results  we  state  the  difference  between  the  two  polarizations 
concerning  the  successive  image  sources:  they  combine  with  different  signs  to  the  total 
field  and  the  reflection  coefficients  c4l  and  c41  differ  in  their  functional  dependence. 
These  are  the  only  essential  differences  which  lead  to  characteristic  time  histories  of 
the  received  field  strength  for  both  polarizations. 

4.  EXACT  ANALYTICAL  EXPRESSIONS  FOR  THE  TIME  DOMAIN  ELECTRIC  FIELD  STRENGTH 

WITHIN  THE  DUCT  LAYER 


The  result  of  the  application  of  Cagnlard' s idea  to  equation  (5)  is  the  repre- 
sentation of  e*'  (x,y,z,s)  as  an  explicit  Laplace  integral.  So  one  is  able  to  read  off 

the  solution  in  the  time  domain  for  the  corresponding  time  dependent  function  Elj  (x,y,z,t) 

as 
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with  R g being  the  distance  primary  source  - point  of  observation:  hence  R0*  *■(*-$)*] 

where  r denotes  the  horizontal  transmitter-receiver-distance:  1!^'  is  given  by  equation 
(12)  . 

E^rlm(x,y,z,t)  is  the  primary  field  of  a vertical  Hertzian  dipole  in  free 
space  whose  moment  is  time  dependent  through  Fit)  » 1/2  t*  : 
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with  the  arrival  time  t0  ■ R 0 /v,  of  the  primary  field:  vp  is  the  polar  angle  of  the 
direction  dlpolu  - point  of  observation. 

co 

The  Image  sources  may  be  divided  into  four  types,  the  function  u * (x,y,z,t) 

representing  that  part  of  the  field  which  is  due  to  the  n-th  image  source  Q of  the 
type  1.  It  is  composed  of  different  functions  whether  or  not  the  point  of  observation  is 
in  the  region  below  or  beyond  total  reflection: 
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with  6‘  l/f,  . R ^ and  arc  polar  coordinates  with  respect  to  the  Image  source  Q„,  , 

hence 
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with 


The  functions  h“  Mx,y,z,t)  denote  spherical  wave  fronts  originating  from  the  Image 
source  0^,  , whereas  f^’  (x.y.z.t)  and  g“'  (x,y,z,t)  refer  to  conical  wave  fronts  of  the 

lateral  waves,  which  always  occur  In  connection  with  total  reflection  phenomena. 
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The  theory  yields  In  detail 


to 


n* 

'•4.1  ,».** 

' Jot  '*  X 
*wt  • O'  t ■*  Jo' 
with 


, ‘*1  I 

l -t  Rtt  /04 


til 


J r'c  ( C u> « ,v>  ♦ ^ { -v1]  ~c. u ,v>  * V 


!•* 


X'O) 


n S>ulMl4  o^VY-uQt  o;1 


ii) 


f l», 


(16) 


(17) 


s-s 


Furthermore 


<i> 


TV-  •*,1, 

i • 1 

Ti\.*  TV  (oV  \»  V 
mv  tv,  j - *,M 


tor  ^ A *i» 

SJ 

111 

qtU)  I [ U U,V)-^  Ct,VU  Jui  LC41C',v)i 


J C^tWv  - qittWa 


; <k  \l 


(20) 


<») 


(\>y 


i < I!*  /o. 


I 

jor  t > (v„  l\}, 


li) 

<k 


■n*  0,4,1, 

'■*  •«,».»> 

XV*  »1V  \*  V 

T!\  - A ^OT  X9  4,*,i 


^OV  t < /v5. 


t/1 


_ ^ t 4 f Lu(t,y) - <f <i,y'3  q»»v  . 

R»’  ,/  yi1'1 


, , ki«l  (2D 
^ov  I ^ t ^ 


cW  i > * 


with  C “ 0 for  n - O and  i “ 4,  C “ 1 for  all  other  values  of  n and  i,  respectively.  In 
(20)  and  (21)  we  have 
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Ne  can  describe  our  present  result  as  follows i it  is  the  response  of  the  com- 
munication channel  "duct  layer  over  sea  surface"  to  the  excitation  function  F(t)  - 1/2  t1 
for  vertical  polarisation  at  some  fixed  but  arbitrary  situation  of  the  point  of  observation 


LJ 


3-f* 


In  the  duct  layer. 

An  arbitrary  t lme  varying  antenna  current  now  yields  the  convolution  of  this 
response  with  the  third  derivative  of  F(t>  plus  certain  Inverse  Laplace. t rans{orms  (Kink- 
ier and  Langenberq,  1975),  which  vanish  If  we  choose  F(t)  » (<  *())'  Pit)  , K(t)  belnq 

another  arbitrary  tlmt>  function.  The  convolution  Integral  has  been  numerically  evaluated 
by  means  of  the  fast  Fourier  transform  for  the  case  F(t)  • sxptixO.O  . which  corresponds 
to  a cw  antenna  current  with  circular  carrier  frequency  vz,  belnq  switched  on  according  to 
a rise  time  proport lona 1 to  a"*  . 

5.  DISCUSSION  OF  THE  NUMERICAL  RESULTS 

Fig.  4 a-f  shows  a series  of  numerical  examples:  the  1/2  t“  -responses  of  the 
electrical  field  strength  are  plotted  against  time  for  both  polarizations  for  several 
transml tter-rece t ver-d 1 st ances . The  duct  helqht  has  been  chosen  to  be  h • 20  m,  the  rela- 
tive permitt lvit les  f,  and  have  the  values  1.0004  and  1,  respectively;  transmitter 

and  receiver  helqht  are  equal  to  15  m.  In  each  case  a-f  the  upper  curve  describes  horizon- 
tal polarization  - f -component  of  the  electrical  field  strength  of  a vert  leal  magnetic 
dipole  - and  the  lower  curve  represents  vertical  polarizat ion  - z -component  of  the  electri- 
cal field  strength  of  a vertical  electric  dipole. 

The  case  r - 400  m - the  lowest  distance  - clearly  shows  the  arrival  of  the 
spherical  wave  front  originating  from  the  primary  source  at  t-tj.  ■ O and  the  correspon- 
ding ones  of  the  image  sources  0„<  , 0 ..i,  and  Q01  , 0P,  respectively,  at  later  times,. the 
amplitudes  from  higher  order  Image  sources  being  highly  attenuated.  The  Image  source  o,.v 
results  from  direct  reflection  of  the  primary  source  at  the  perfectly  conducting  earth 
(see  Fiq.  3);  hence,  In  the  case  of  the  magnetic  dipole  the  wave  front  due  to  this  source 
cancels  out  the  one  from  the  primary  source,  whereas  In  the  case  of  the  electric  dipole 
the  two  amplitudes  add  together.  It  should  also  be  noted  that  0 and  0 0j  occur  with 
different  signs  for  both  polarizations. 

The  transml t ter-rece 1 ver-d 1st ance  of  1000  m is  beyond  the  total  reflection 
distance  of  the  image  source  0«  (Langenborg,  1974);  hence,  It  shows  the  lateral  wave 
front  before  the  arrival  time  of  the  spherical  wave  front  due  to  Q0,  . This  lateral  wave 
front  travels  at  the  upper  duct  boundary  with  the  phase  velocity  of  the  half  space  above 
the  layer,  which  Is  greater  than  the  one  inside  the  layer,  resulting  in  very  early  arrival 
times,  l.e.  earlier  than  the  primary  wave  fornt , as  can  be  seen  for  the  distance  of  2600  m. 
This  distance  also  shows  that  Q w and  OoJ  have  undergone  total  reflection.  Increasing 
ths  transml t ter-rece tver-Jlst ance  leads  to  very  complex  time  histories  of  the  field  res- 
ponses since  more  and  more  Image  sources  have  to  be  taken  Into  account  (see  the  cases 
4000  m and  5000  m) . The  case  of  5000  m shows  another  Interesting  detail:  even  the  lateral 
fronts  combine  - naturally  - with  different  signs  to  the  total  field  tor  both  polarizations, 
a fact  which  is  rediscovered  for  the  already  very  large  distance  of  r - 15000  m,  l.e.  the 
modal  so-called  space-wave  (Langenborg,  1971)  Is  of  a very  different  structure  for  either 
horizontal  or  vertical  polarizat Ion.  That  Is  Indeed  the  only  essential  difference  for  larqc 
distances:  It  Is  not  very  Interesting  to  note  the  different  signs  of  the  peaks  of  the 
spherical  wave  fronts  originating  from  a large  number  of  image  sources  and  arriving  close- 
ly together. 


Fiq.  5 a-1  shows  the  numerical  results  after  convolution  of  our  1/2  t*  -field 
response  w^th  the  third  derivative  of  F(t),  where  we  refer  to  the  specially  chosen  F(t)  * 

It  *»f.i-.»t\)  vxpi.jio.tl  with  a - ) 10*9  * ; hence,  the  curves  show  t(ie  time  histories  of  the 
absolute  value  of  the  electrical  field  component s for  horizontal  and  vertical  (dashed 
curves)  polar Izat Ion  If  a sinusoidal  excitation  Is  swlthed  on  according  to  a smooth  unit 
step  function.  The  amplitudes  for  both  polar  1 zat Ions  should  not  be  compared  because  they 
are  normalized  to  their  maximum  value.  Parameter  of  the  curves  Is  the  frequency  x.'„/ in 
MHz. 

For  the  sake  of  clearness,  wo  repeat  the  discussion  of  the  "f  -component  whose 
characteristic  behavior  can  be  explained  under  modal  propagation  aspect s (Fink  lei  and 
I.angenberg,  1975)  . 

Beginning  with  25  MHz,  which  Is  small  compared  to  the  cut-off  frequency  of  the 
first  mode,  we  see,  that  the  carrier  frequency  is  not  absolutely  cut  off,  because  the  re- 
ceived signal  becomes  constant  for  large  times  as  well  as  the  envelop  of  the  Input  signal. 
Nevertheless  the  transmitted  signal  suffers  great  distortion  for  such  low  carrier  frequen- 
cies; for  example,  the  peaks  due  to  the  different  Image  sources  can  still  be  distinguished. 
The  possibility  of  distinguishing  these  sources  vanishes  with  increasing  carrier  frequency 
(lOO  MHz)  and  the  amplitude  of  the  carrier  frequency  Itself  becomes  more  pronounced.  The 
value  of  180  MHz  Is  lust  below  the  cut-off  frequency  of  the  first  mode,  resulting  in  a re- 
colved  signal  which  already  Is  very  similar  to  the  Input  signal.  But  the  distortion  In- 
creases once  again  If  the  carrier  frequency  is  again  Increased;  if  It  equals  300  MHz,  the 
maximum  of  the  emitted  signal  1s  In  the  neighborhood  of  the  first  mode’s  frequency  response 
maximum,  so  that  the  steep  Increase  of  this  frequency  response  at  the  cut-off  frequency 
affects  the  signal  considerably.  A small  Increase  of  the  carrier  frequency  (320  MHz,  t to 
MHz)  shifts  the  signal's  spectrum  Into  that  part  of  the  frequency  response,  where  It  is 
slowly  varying,  so  that  the  distortion  of  the  received  signal  Is  reduced.  At  450  MHz,  the 
distortion  of  the  signal  Is  nearly  negligible;  the  only  indication  that  it  propagated 
through  the  duct  Is  the  arrival  time  due  to  the  lateral  waves.  A further  Increase  of  the 
carrier  frequency  yields  the  Influence  of  the  higher  order  modes.  The  value  of  500  MHz  Is 
)ust  below  the  cut-off  frequency  of  the  second  mode , which  affects  the  leading  tall  ot  the 
received  signal  once  again.  At  1 lOO  MHz  we  find  ourselves  In  the  third  mode's  maximum;  the 


J-7 

result  Is  similar  to  the  case  of  300  MHz.  Finally,  at  2 GHz,  there  is  absolutely  no  in- 
fluence of  the  duct  on  the  received  signal;  even  the  arrival  time  coincides  with  the  free 
space  arrival  time. 

If  vertical  polarization  is  concerned,  the  cut-off  frequencies  are  obviously 
different  from  the  corresponding  horizontal  polarization  ones,  they  are  higher.  Therefore 
the  characteristic  structure  of  the  received  signal  in  the  neighborhood  of  cut-off  fre- 
quencies occurs  at  other  values  of  the  circular  frequency  leading  at  certain  values  of  uj0 
to  an  effect,  which  could  be  Interpreted  as  if  differently  polarized  signals  would  have 
different  travel  times  from  the  source  to  the  point  of  observation  (180  - 500  MHz).  This 
effect  decreases  with  decreasing  distance,  since  the  cut-off  frequencies  then  loose  sig- 
nificance (Finkler  and  Langenberg,  1975). 


6. 


CONCLUDING  REMARKS 


Summarizing  the  results  we  state  that  the  transient  behavior  of  evaporation 
ducts  differs  in  a characteristic  manner  concerning  horizontal  or  vertical  polarization, 
which  can  be  physically  explained  either  on  the  base  of  image  sources  or  with  the  aid  of 
modal  cut-off  frequencies.  Furthermore  distance  measuring  can  lead  to  somewhat  erroneous 
results  whether  the  "wrong"  polarization  is  used  since  it  may  occur  that  both  polarizations 
lead  to  different  travel  times. 
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Fig. 2 Flow-chart  for  the  method  of  solution 
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Fig.5(a)  (1)  Comparison  of  electric  field  time  history  for  horizontal  and  vertical  (dashed  curves)  polarization 
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TROPOSCATTER  APE RTURE -MED  I UR  COUPLING  LOSS 


L . Lew  I n 

UNIVERSITY  OF  COLORADO 
Boulder,  Colorado 


SUMMARY 


Two  basically  different  descriptions  have  been  given  as  to  the  cause  of  aperture  coupling  loss  in 
tropospheric  scatter  systems:  non-planar  wavefront  due  to  atmospheric  I rregu lar I t I es ; and  a geometric 
effect  due  to  the  decrease  of  scattering  properties  with  height  within  the  common  volume  of  the  beams  of 
the  transmitter  and  receiver  antennas.  The  Irregular  wavefront  explanation  Is  examined  and  related  to 
height-diversity  concepts,  and  It  Is  shown  that  the  effect  Is  determined  by  the  angular  spectrum  of 
incoming  rays;  performance  Is  related  to  the  angle  range  and  beam  width.  In  the  explanation  via  the 
geometric  effect  It  Is  shown  that  increasing  the  antenna  gain  increases  the  on-axis  power  but  decreases 
the  angular  range  over  which  energy  Is  received.  The  reduction  In  effective  angular  range  is  due  to  the 
same  phenomenon  as  that  giving  rise  to  the  loss  due  to  the  Irregular  phase  fronts.  It  Is  concluded  that 
the  two  explanations  really  reduce  to  one  and  the  same. 

A comparison  Is  made  of  formulas  In  the  literature  and  with  available  experimental  results,  and 
reasons  given  as  to  why  It  is  difficult  to  validly  relate  the  two. 

The  considerations  of  this  paper  indicate  that  narrow  oeams  In  the  vertical  may  be  more  Important 
than  in  the  horizontal  to  achieve  maximum  gain.  A suggestion  is  made  to  Investigate  the  concepts  In  the 
laboratory  with  a scaled  model  using  a laser  with  a variable  lens,  scattering  the  radiation  from  non- 
uniformities  in  a liquid  suspension,  and  receiving  the  scattered  radiation  with  a photo-detector  of 
variable  pickup  angle. 


I.  INTRODUCTION 


The  coupling  loss  due  to  the  nature  of  the  scatter  medium  Is  one  of  the  most  puzzling  and  still 
unresolved  features  of  the  troposcatter  process.  There  are  two  basically  different  descriptions  given  as 
to  Its  cause:  I)  non-planar  or  "crinkled"  wavefront  due  to  the  Irregularities  in  the  atmosphere,  2)  a 
geometric  effect  due  to  the  decrease  of  scattering  properties  with  height  within  the  common  volume  of  the 
beams  of  the  transmitter  and  receiver  antennas.  At  first  sight  these  seem  to  be  two  quite  distinct  and 
different  sources  of  coupling  loss;  and  in  a review  paper  (HARCAR,  A.R.  and  BROWN,  L.  J.,  1965)  this  is 
explicitly  maintained,  together  with  statements  asserting  that  the  crinkled  wavefront  loss  could  in 
principle  be  eliminated  whereas  the  geometric  effect  could  not.  and  that  various  authors  had  investigated 
the  one  cause  or  the  other,  but  not  both  In  combination.  We  shall  attempt  here  a critical  appraisal  of 
some  of  the  current  theories  and  experimental  data. 


2.  IRREGULAR  WAVEFRONT 


2.1.  Height  Diversity  Concepts 

The  phenomenon  of  concern  Is  Intimately  related  to  the  space  diversity  properties  of  a tropo- 
scatter system.  Two  antennas  spaced  apart  in  height  receive  substantially  Independent  signals  when  their 
spacing  exceeds  a certain  distance,  usually  expressed  In  terms  of  wavelength.  Since  the  phenomenon  Is 
phase  dependent  the  wavelength  obviously  enters,  and  expressions  like  60\  to  IOOX  are  current.  The  multi- 
plier must  depend  on  other  features  of  the  link,  such  as,  for  example,  station  spacing  or  scatter  height, 
but  this  effect  Is  not  known  explicitly.  When  the  two  antennas  are  so  large  as  to  overlap.  It  Is 
apparent  that  a single  antenna  equal  in  size  to  the  diversity  pair  must  be  operating  In  such  a way  that 
large  parts  of  It  are  fed  In  a mutually  Incoherent  manner,  with  a consequential  loss  In  gain.  This  Is 
one  way  of  looking  at  the  cause  of  coupling  loss  of  large  antennas. 

2.2.  Arrival  Angle  Range 

Another  way  to  envisage  the  crinkling  of  the  Incoming  wavefront  at  a receiver,  more  associated 
with  concepts  of  angle  diversity.  Is  to  compound  many  plane  waves,  each  arriving  at  a slightly  different 
angle,  from  the  scatter  volume.  When  the  angle  range  Is  much  smaller  than  the  beam  width  the  resultant 
is  nearly  plane,  and  little  loss  due  to  crinkling  will  result.  Contrariwise,  If  the  Illuminated  volume 
is  much  wider  than  the  beam  width  a wide  angle-range  results,  the  wave  front  Is  very  non-planar,  and  the 
antenna  can  only  accept  a part  of  the  incoming  energy.  It  Is  clear  from  this  description  that  the 

crinkling  Is  considered  to  be  related  to  the  angular  range  of  Incoming,  mutually  Incoherent,  plane  waves. 

Their  disposition  Is  related  to  the  ar.gular  spread  of  scatter  sources  and  the  Importance  of  such  spread 
is  measured  In  terms  Of  the  beamwldth  of  the  antenna.  The  crinkling  Is  nothlnq  more  than  a consequence 

of  a simultaneous  arrival  of  Incoming  waves  from  different  directions.  The  larger  the  antenna  the  more 

dl rect ion-sens i 1 1 ve  it  will  be,  and  the  more  It  will  d I scr I ml ni nate  against  energy  arriving  off-axis. 
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2. J.  Uselessness  of  Phase  Compensation 

Can  such  a crinkled  wave  front  be  usefully  compensated,  at  least  In  principle,  by  an  adaptive 
phasechanging  device?  At  first  sight  It  might  appear  as  If  this  were  so.  However,  a completely  arbi- 
trary axial  wave  front,  with  constant  amplitude  and  variable  phase,  would  not  satisfy  Maxwell's  equations 
at  the  antenna.  If  the  phase  Is  prescribed.  It  will  affect  the  amplitude.  Any  real  wave  can  be  recon- 
structed as  a sum  or  integral  of  plane  waves  of  different  arrival  angles,  but  I f the  arrival  angles  are 
constrained  to  be  within  a narrow  range  near  the  axis  the  wave  cannot  be  completely  arbitrary.  Under 
these  conditions  equalising  the  phase  does  not  lead  to  Increased  pickup.  To  see  how  this  comes  about, 
consider  the  simplest  case  of  two  waves  Incident  on  a rectangular  aperture  at  angles  0 and  9.  The  field 

Is  represented  by  I ♦ e s*n  ® which  equals  2 cosijkx  sin  9)  e -^x  s*n  ®.  A phase  equaliser  reduces 
this  to  2 | cosdkx  sin  6)  | . The  power  associated  with  this  is,  of  course,  two  units,  but  If  6 is 
appreciably  greater  than  the  beam  width  only  half  will  be  received  by  a horn  at  the  focus,  the  same  as  if 
no  equaliser  were  used.  An  external  prism  which  refracted  the  off-axis  wave  through  an  angle  6 would 
erable  It  to  be  received,  at  the  cost  of  losing  the  on-axis  wave.  If  6 Is  of  the  order  of  the  free- 
sp*ce  beam  width,  then  a partial  refraction  would  help;  but  then  the  wave  would  have  been  partially  re- 
ceived anyway! 

The  same  limitation  does  not  apply  to  a pair  of  diversity  antennas  whose  outputs  can  be  combined 
without  loss  with  a suitable  combining  network  and  phase-changer.  But  now  the  individual  free-space 
beamwldths  are  doubled  (relative  to  a composite  antenna  of  double  size)  so  that  effective  pickup  Is  over 
a wider  angle  range.  All  this  is  very  close  to  the  geometric  effect  which  we  shall  now  investigate. 

3.  THE  GEOMETRIC  EFFECT 

3-1.  Antenna  Size  and  Scatter  Volume 

Suppose  a receiver  accepting  energy  from  a scatter  volume,  and  let  the  antenna  area  be  doubled. 

One  effect  will  be  to  double  the  received  on-axis  power.  If  the  extent  of  the  scatter  volume  is  much 

less  than  the  beam  width  this  is  about  all  that  happens.  If,  on  the  contrary,  the  beam  width  were  smaller 
than  the  extent  of  the  scatter  volume,  doubling  the  antenna  size  would  halve  the  acceptance  range  from 
which  power  could  be  received:  the  expected  gain  increase  is  annulled,  with  a consequent  3d6  Increase  in 
coupling  loss  In  this  extreme  case.  This  effect  Is  clearly  a function  of  the  ratio  of  the  angular  extent 
of  the  scatter  volume  to  the  antenna  beamwidth,  though  other  factors  might  also  enter.  It  Is  nothing  more 
than  the  crinkled  wavefront  phenomenon  seen  from  the  point  of  view  of  antenna  pickup!  The  crinkled  wave 


front  Is  directly  related  to  the  angular  range  of  incoming  waves,  of  which  only  part  can  be  received  bv 
the  antenna  because  of  its  beamwidth. 


3-2.  Phase  Combination  of  Separate  Antennas 

The  geometric  effect  can  be  overcome;  by  using  a larger  beanwidth.  The  antenna  is,  of  course, 
smaller;  but  by  using  two  separate  antennas  suitably  combined  the  coupling  loss  is  eliminated.  Similarly, 
the  crinkled  wave  front,  as  such,  cannot  be  usefully  compensated,  but  two  smaller  separate  antennas  can 
be  phased  to  give  an  addition  of  their  received  powers.  There  is  one  cause,  not  two,  of  coupling  loss, 
and  it  may  be  most  easily  visualised  in  terms  of  limited  pickup,  related  to  effective  scatter  volume  and 
antenna  beanwidth. 

4.  EFFECTIVE  SCATTER  VOLUME 


4.1.  Variation  with  Height 

The  scattering  power  of  the  atmosphere  decreases  rapidly  with  scatter  angle,  9,  and  a further 
height  factor  may  be  Involved,  particularly  at  great  heights  and  large  distances.  In  a paper  on  tropo- 
scatter  circuits  (YEH,  L.  P.,  I960),  an  exponential  law  of  10  dB  decrease  per  degree  of  scatter  angle  is 

favored.  Other  writers  have  produced  power  laws  varying  from  8~ "*  to  8"*.  A GEC  report  (GEC,  I960)  gives 

curves  corresponding  to  a distance-dependent  index  varying  between  about  5 and  7.  Although  Yeh's  formula 
gives  results  of  the  same  order  of  magnitude  near  about  1°  to  2°  scatter  angle  It  appears  that  the  power 

law  probably  has  a sounder  basis.  In  either  case  there  Is  no  precisely  delimited  scatter  volume.  The 

majority  of  the  scattered  power  comes  from  scattering  at  the  lowest  heights.  A calculation,  straight- 
forward in  principle,  enables  the  transmission  loss  between  two  antennas  to  be  assessed,  and  that  part  of 
it  due  to  incomplete  coupling  between  the  antennas  and  the  scatter  medium  to  be  extracted,  and  presented 
as  the  antenna-to-medl urn  coupling  loss. 

The  main  difference  between  different  authors  stems  from  the  different  assumptions  made  about  the 
scatter  law  and  the  shape  of  the  antenna  beams. 

An  appraisal  of  some  of  the  commonly  used  formulas  follows. 

5.  COUPLING  LOSS  FORMULAS 

5.1.  Formulas  of  Frlis 

In  a paper  dealing  with  reflection  theory  of  scattering  (FRIIS,  H.  T.  et^  al_,  1957)  the  authors 
consider  a simplified  mode)  leading  to  a 9"*  scatter  law  and  a coupling  loss  given  by 
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where  6 • scatter  angle,  a - 3dB  antenna  beanwldth. 

The  antenna  beam  takes  the  Idealised  form  of  a section  of  a wedge,  and  is  chosen  for  mathematical  con- 
venience. It  has  the  unfortunate  property  that  the  lower  part  of  the  beam  Is  unduly  narrowed,  and  since 
the  lower  scatter  angles  are  the  more  important,  it  would  be  expected  that  the  coupling  loss  effect  would 
be  exaggerated  for  small  scatter  angles.  This  can  be  seen  from  figures  I and  2,  which  show  the  coupling 
loss  between  3m  dishes  5m  high,  as  a function  of  distance  and  9/a,  for  4.7  and  8GNz  respectively.  The 
Frlls  formula  gives  the  largest  coupling  losses  for  formulas  In  this  category,  and  the  assumed  shape  for 
the  antenna  beam  Is  undoubtedly  mainly  to  blame.  It  seems  probable  that  the  power  law  is  a little  on  the 
low  side,  and  the  effect  would  be  even  more  severe  If  this  change  were  made. 

It  should  be  stated  here  that  the  assumption  Is  made  that  low  gain  antennas  have  zero  coupling 
loss.  This  Is,  In  a sense,  arbitrary,  since  loss  can  be  apportioned  as  we  wish  between  medium  scatter 
properties  and  antenna  coupling.  But  from  the  point  of  view  of  a non-planar  wave  front  which  does  not 
vary  too  drastically.  It  Is  apparent  that  small  jntennas  should  be  considered  to  have  zero  loss.  This 
enables  the  formulas  to  be  compared  by  normalising  the  loss  to  zero  for  large  beanwldths,  and  Is  the  source 
of  the  factor  8/7  inserted  into  the  Frlls  formula  above. 

5.2.  Formulas  of  Staras 

The  GEC  curve  Is  a sort  of  average  of  several  different  formulas,  all  based  on  the  geometric 
factor  discussed  here.  It  gives  less  coupling  loss  than  the  Frlls  formula,  but  considerably  more  than 
that  of  Staras  (STARAS,  H.,  1957),  who  assumed  a Gaussian  shaped  antenna  beam  and  a scatter  power  law 
inversely  as  the  square  of  the  height  above  smooth  earth.  The  Index  of  this  law  has  almost  certainly 
been  chosen  too  low,  and  Staras  himself  suggests  it  should  have  been  somewhere  between  2 and  3.  The 
larger  the  Index  the  greater  the  coupling  loss,  but  It  Is  difficult  to  see  quantitatively  from  the  origi- 
nal paper  what  the  effect  would  be.  Staras  takes  Into  account  a turbulence  anisotropy  factor  for  hori- 
zontal as  against  vertical  angular  deviations,  the  effect  of  which  is  to  make  horizontal  deviations  2 to 
3 times  more  severe  than  vertical  ones.  Some  experimental  support  for  this  Is  Implied  In  the  paper. 

According  to  Staras,  If  a^  and  o^are  the  beam  angles  of  the  two  antennas,  then  the  relevant  beam 
angle  parameter  Oq  for  hls  formula  Is  given  by 
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Hence,  If  both  antennas  have  equal  beam  width  the  effective  width  Is  0.7  that  of  either.  If  one  Is  much 
sharper  than  the  other,  it  is  the  main  determinant  of  the  beanwldth  parameter.  These  conclusions  follow 
directly  from  the  general  form  of  hls  equations  and  hls  assumption  of  a Gaussian  antenna  pattern,  and  seem 
quite  reasonable.  They  do  not,  however,  warrant  the  conclusions  he  draws  that  the  coupling  loss  Is  not 
shared  equally  by  the  transmitting  and  receiving  antennas,  even  If  they  are  identical.  This  seems  a 
faulty  conclusion  based  on  the  non- 1 Inearl ty  of  hls  curves,  and  ignoring  the  symmetry  that  Is  also  there. 

For  small  values  of  8/a  Staras  in  hls  fig.  4 indicates  much  smaller  coupling  losses  than  any 
other  author.  It  Is  about  1.5  dB  when  0/a  » I,  when  Frlls  gives  8dB  and  the  GEC  "average"  curve  Indicates 
5dB,  though  several  of  Norton's  results  used  in  the  latter  give  3dB  loss  at  this  position. 

5.3,  Formulas  of  Yeh 

Yeh  compares  various  theories  with  what  appear  to  be  experimental  points  extracted  from  the  liter- 
ature. he  comments  that  most  authors  are  too  optim'stlc  when  9/a < I and  most  too  pessimistic  when 
8/a  > I,  though  Staras,  In  this  region,  comes  closest  to  hls  extrapolated  experimental  curve. 

There  are  some  disturbing  features  In  Yeh's  curves.  Several  of  the  theoretical  curves  are  drawn 
so  as  to  give  a coupling  gain  at  zero  scatter  angle.  As  explained  earlier  they  should  all  be  normalised 
to  go  through  the  origin.  Secondly,  hls  plot  of  experimental  points  seems  doubtful.  Several  of  them  can 
be  recognised  from  the  list  of  results  In  table  I of  the  GEC  report,  and  It  Is  clear  that  they  refer  to 
the  change  In  coupling  loss  when  one  antenna  size  Is  replaced  by  another.  In  other  words,  the  experimental 
points  only  contain  partial  Information,  and  the  correct  results,  whatever  they  may  be,  should  indicate 
somewhat  higher  coupling  losses,  at  least  for  large  values  of  8/a.  This  would  probably  bring  the  cor- 
rected curve  close  to  the  Staras  predictions  for  0/a  > I. 

5.4.  CCIR  Formula 

So  far  all  these  formulae  haw  had  a common  basis,  namely  a geometric  reduction  factor,  and  have 
all  Indicated  a similar  trend,  namely  something  small  or  zero  at  zero  scattering  angle,  with  an  Increase 
of  loss  as  0/a  increases.  Quite  a few  experimental  results  quoted  show  a similar  trend.  A quite  dif- 
ferent curve  Is  presented  in  the  CCIR  Oslo  1966  Vol.  II  report  no.  244-1,  where  a coupling  loss  inde- 
pendent of  scatter  angle  Is  given  In  the  form 

| 0.055  (G1  + G R)  J 
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where  G Is  the  antenna  gain  in  dB.  This  empirical  formula  gives  a higher  loss  under  most  circumstances 
than  any  of  the  other  results,  except  the  Frlis  formula  at  large  scatter  angles.  It  Is  difficult  to 
comment  on  this  curve  except  to  say  that  accurate  figures  for  coupling  loss  are  very  difficult  to  come 
by,  and  that  there  Is  a region  In  figures  I and  2 where  all  the  curves  give  similar  results  within  a few 
dB. 

5.5.  Formulas  of  Bulllngton 

Bulllngton  (BULLINGTON,  K.  , 1963)  goes  even  further.  His  analysis  of  reflection  from  an  atmos- 
phere with  properties  decreasing  exponentially  with  height  produces  a coupling  loss  term  of  the  form 
I - exp  (-bh)  where  b 0. 16/km  and  h Is  the  difference  In  height  between  the  top  and  bottom  of  the 

volume  common  to  the  two  antenna  beams.  Since  h » D a/2  his  coupling  loss  decreases  with  Increasing  dis- 
tance, giving  a curve  of  opposite  slope  to  those  derived  from  a geometric  reduction  factor.  For  small 
distances,  the  loss  rises  dramatically,  as  shown  In  the  figures.  Since  0 <*  0 Bullington's  results  cannot 
be  expressed  as  a function  of  6/a.  In  his  paper  there  are  quoted  one  or  two  experimental  results  which 
appear  to  support  his  formula. 


6.  AN  APPRAISAL  OF  RESULTS 


6.'.  Comparison  with  Experiments 

Many  of  the  experimental  results  are  obtained  by  replacing  one  antenna  by  another  of  different 
size  and  comparing  the  received  powers.  Some  use  two  aerial  sizes  simultaneously  and  compare  their 
signals.  In  both  cases  It  Is  only  the  change  In  aperture  loss  of  the  combination  that  can  be  measured. 
Chisholm  (CHISHOLM,  J.  H. , et  aK  1959),  who  used  also  26°  horns  (scatter  angle  2°),  deduced  a coupling 
loss  of  3.5  dB  when  6/a  - l7T.  If  the  coupling  loss  Is  taken  as  zero  for  the  horns,  then  this  figure  Is 
In  excess  of  all  the  geometric  factor  calculations  except  that  of  Frlis,  whose  result  comes  out  about 
right.  Staras  would  Indicate  almost  nil  at  this  angle.  On  the  other  hand,  a further  loss  of  only  2.5  dB 
Is  Incurred  when  going  to  6/a  • 1.8,  almost  exactly  the  excess  predicted  by  Staras.  The  trend  Is  also 

In  the  general  direction  of  Bullington's  prediction,  and  Is  way  below  the  CCI  figure. 

6.2.  Difficulties  In  Interpretation  of  Experiments 

Many  of  the  experimental  results  are  hard  to  assess  because  of  lack  of  Information.  It  should  be 
noted  that  two  equal  aerials  spaced  by  the  relatively  small  distance  needed  for  diversity  operation  will 
give  unequal  Instantaneous  signals.  It  Is  not  surprising,  therefore,  to  find  that  a large  antenna 
sometimes  gives  a signal  not  much  In  excess  of  a smaller  one.  It  Is  the  medians  that  should  be  compared, 
over  similar  periods. 

It  Is  a moot  point  whether  comparisons  should  be  made  for  the  same  height  of  antenna  centre.  The 

effect  of  earth  reflection  will  be  quite  different  In  the  two  cases. 

The  earth  will  also  have  a different  effect  If  the  polarisation  Is  vertical,  because  of  the  small 

pseudo-Brewster  angle.  These  details  are  not  usually  recorded  In  papers. 


7.  PROPOSAL  FOR  AN  EXPERIMENTAL  TEST 


7.1.  Geometric  Scattering  and  Antenna  Gain 

The  considerations  In  this  paper  suggest  that  tropospheric  scatter  is  to  be  understood  entirely  In 
terms  of  scattering  volumes  common  to  the  transmit  and  receive  antennas,  together  with  a variation  in 
height  of  the  strength  of  the  scattering  elements.  Were  It  not  for  this  height  variation  there  would  be 
little  reason  to  go  to  high-galn  antennas.  What  is  really  achieved  by  a higher  gain  Is  the  ability  to 
lower  the  effective  beam  angle  and  Illuminate  the  stronger  scatterers.  To  the  extent  that  other  factors, 
such  as  horizontal  directivity  of  scatterers,  do  not  enter,  this  suggests  that  overall  gain  Is  more 
fruitfully  obtained  by  sharpening  the  antenna  beams  in  the  vertical.  Such  a possibility  should  be  the 
subject  of  experimental  verification,  together  with  the  whole  concept  of  geometric  scattering  as  outlined 
here.  To  do  so  on  site,  however,  would  be  to  subject  a search  for  possibly  small  factors  of  a dB  or  so  to 
the  vagaries  of  substantial  atmospheric  variations  outside  the  experimenter's  control. 

7.2.  Scale  Model  Proposal 

It  Is  proposed  that  the  essential  features  of  troposcatter  can  be  investigated  on  the  laboratory 
bench,  using  a laser  beam  as  transmitter.  Available  lens  controls  the  beam  angle,  which  can  be  broadened 
in  the  horizontal,  the  vertical,  or  both.  The  scattering  could  be  from  a suspension  of  particles  In  a 
suitable  liquid,  the  settlement  of  the  particles,  which  would  consist  of  a range  of  sizes,  giving  a 
simulation  of  the  atmospheric  structure  of  actual  scatterers.  The  receiver  would  be  a photo-detector, 
again  with  a pickup  angle  that  could  be  independently  varied.  Staras's  somewhat  questionable  conclusion 
that  coupling  loss  Is  not  shared  equally  by  I.'  it f ca I antennas  may  also  be  capable  of  determination  In 
this  experimental  set-up. 

Even  though  It  would  be  Impractical  to  model  exactly  the  atmospheric  inhomogene  I ties  In  the 
scattering  liquid.  It  Is  believed  that  useful  Information  could  well  be  derived  from  such  an  experiment. 
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8.  CONCLUSIONS 


A few  tentative  conclusions  are  offered. 

1)  There  may  be  a weak  dl s tance-hel yht  effect  but  Its  effect  Is  probably  small.  In  particular, 
the  Bulllngton  prediction  Is  not  too  well  supported  by  experimental  evidence,  and  Is  contrary  to  the 
majority  of  theories  which  very  plausibly  Indicate  that  a function  of  0/a  Is  Involved. 

2)  The  CCIR  curve  of  constant  loss  Irrespective  of  scatter  angle  gives  rather  too  large  figures 
and  Is  not  a very  plausible  form. 

3)  The  Frits  curve  Indicates  too  high  a coupling  loss. 

4)  The  Staras  curve  Indicates  too  low  a coupling  loss. 

5)  The  Veh  assessment  seems  somewhat  unreliable  In  some  places. 

6)  There  seems  to  be  some  merit  In  the  Staras  formula  for  effective  beam  angle  when  unequal 
beams  are  involved. 

7)  The  GEC  empirical  curve  seems  to  be  a good  compromise  result.  It  Is  possibly  a little  on 
the  high  side,  and  could  be  weighted  somewhat  towards  the  Staras  curve,  as  Indicated  In  figures  I and  2. 

8)  All  the  above  conclusions  should  be  taken  with  several  grams  of  sodium  chloride. 
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STATISTICS  OF  TROPOSCATTER  CHANNELS  WITH  RESPECT  TO  THE  APPLICATIONS 
OF  ADAPTIVE  EQUALIZING  TECHNIQUES 
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ABSTRACT 


Higher  coherent  bondwldth  requirement!  for  tropoicatter  communication  chonneli  may  creote  terioot 
problem!  due  to  the  diipeuion  characteristics  of  tropot cotter  chonneli.  Beildei  thot  the  multipath  itructure  of  iuch  a 
channel  li  time  variant.  Introckjctlon  of  digital  PCM-techniques,  on  the  other  side,  may  allow  for  proceulng  ichemei 
which  reiult  In  adaptively  equalizing  the  transmission  channel.  Theie  proceulng  ichemei  ore  baied  on  the  tropoicatter 
channel  characterittlei  which  will  be  addreued  In  this  paper. 

Bated  on  meaiurementi  on  an  experimental  tropoicatter  link  between  Lelielhelm  and  Werthhoven  (270  km, 
Germany)  tame  results  will  be  presented  and  discussed  concerning  those  link  parameters  that  ore  of  importance  for 
adaptive  equalizing  techniques: 

a)  Characteristics  of  the  delay  power  spectrum  (DPS)  with  respect  to  Its  time  variability  and 
variance. 

b)  Characteristics  of  the  Instantaneous  channel  Impulse  response  function  (IRF)  and  its  time 
dependence,  which  will  be  described  by  a correlation  time  constant.  This  Is  the  time  Tt 
that  passes  until  the  Impulse  response  function  measuredat  time ^ Is  decorrelated  with 
that  ot, e measured  at  time  t„  + T (3  dB  down). 

c)  Correlation  analysis  between  delay  power  spectrum,  received  field  strength,  and 
Intermodulation. 

d)  Effects  of  airplanes  Inside  and  outside  the  common  volume  on  the  Impulse  response  function. 

The  experiments  have  been  made  ot  a frequency  of  0,9  GHz  with  a bandwidth  of  10  MHz.  The  impulse 
response  functions  have  been  measured  at  a rate  of  10  per  sec  for  one  minute,  followed  by  Intermodulation  measurements 
for  one  minute  and  than  starting  the  cycle  again. 

Although  the  results  confirm  the  theory  of  the  tropoicatter  channel  model  ("WSSUS”  at  developed  by 
BELIO,  In  general,  significant  details  have  been  discovered  In  terms  of  the  statistics  of  the  Impulse  response  function  and 
the  time  variability  of  the  short  term  delay  power  spectrum.  In  view  of  the  very  low  error  rates  (10*^  - 10"^)  thot  are 
required  for  many  communication  systems  the  tails  of  the  DPS  are  of  special  Interest.  It  has  been  found  thot  the  time  s proad 
l.e.  the  width  of  the  DPS  Is  larger  than  the  one  calculated  from  theory.  Also  the  shape  may  be  different  from  the 
theoretical  one  and  moy  differ  with  time.  Therefore,  the  theoretical  width  of  the  DPS  Is  In  some  cases  not  a good  basis 
for  deciding  on  the  length  of  the  equalizing  filter,  because  It  gives  only  limited  Information  on  the  actual  IRF  ond  no 
Information  on  the  time  dependence  of  the  IRF  and  of  the  DPS. 

The  paper  will  conclude  with  stressing  the  point  thot  for  the  designer  It  Is  essential  to  know  the  statistics 
for  the  specific  troposcorter  link  for  which  he  Is  designing  adaptively  equalizing  modems. 


1.  INTRODUCTION 

During  the  first  years  of  using  the  tropospheric  scatter  mode  for  tranenlttlng  communications,  the 
experimental  and  theoretical  work  has  been  largely  confined  to  measuring  the  field  strength  of  monoahromatl^  respectively 
narrow-band  signals  and  to  establishing  scatter  models  for  calculating  and  predicting  the  scatter  link  performance. 

For  a long  time,  only  a few  measurements  were  available,  which  concentrated  on  Investigating  this  time 
variable  and  dispersive  channel  with  respect  to  broadband  signal  transmission.  By  broadband  we  mean  using  bandwldths 
by  which  the  different  multipath  contributions  can  be  resolved  In  time,  thus  producing  severe  signal  distortions. 

The  WSSUS-model  of  the  tropoicatter  channel,  developed  during  the  60th  by  BELLO  (1)  wot  the  first  model 
that  allowed  for  the  calculation  of  the  expected  value  of  the  signal  distortion.  Signal  distortion  It  meant  here  In  the 
sense  of  Intermodule! ion  or  the  rate  of  bit  errors  by  digital  modulptlon.  One  of  the  basic  characteristics  to  describe  the 
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troposcatter  parti  it  the  delay  power  spectrum  (DPS)  which  describes  the  energy  distribution  as  a function  of  inherent 
delay  times.  In  general,  the  DPS  has  a strong  unsymmetric  shape  with  o maximum  at  snail  time  delays,  showing  o sharp 
rise  ono  a flat  foll-off. 

However,  the  DPS  describes  only  a stationary  model  ot  the  troposcatter  channel.  Because  it  is  calculated 
with  well-known  median  parameters  of  the  troposcatter  mechanism,  for  instance  the  dependence  of  the  scattering  from  the 
scatter  angle  and  the  altitude,  it  disregards  any  alterations  in  the  scatter  volume  influenced  by  the  weather. 

Knowledge  about  the  variability  of  the  DPS  cannot  be  obtained  by  theoretical  methods  but  only  by 
measuring  the  existing  troposcatter  paths. 

This  report  deals  with  measurements  of  the  DPS  of  an  experimental  troposcotter  port)  operated  by  the 
Forschungsinstitut  fUr  Hochfrequenzphysik  (FHP)  ot  Werthhoven,  FRG.  Continuous  measurement  periods  of  three  or  two 
hours  were  recorded  during  days  and  nights  at  various  times  between  middle  of  December  1976  and  the  end  of  February 
1977. 

The  reajlts  of  a total  of  79  measurement  hours  are  reporter^  namely:  23  x 3 hour-  ond  5x2  hour-periods. 

The  limited  number  of  measurement  periods  ond  the  fact  that  oil  measurements  were  done  in  one  sec. on  only  represent  an 
insufficient  basis  for  general  statistical  applications,  the  results,  however,  give  on  interesting  insight  into  the  dynamic 
behaviour  of  the  DPS.  To  my  knowledge;  only  little  description  of  this  type  of  information  is  presently  available. 

Parallel  to  these  measurements  of  the  DPS,  the  intermodulation  energy  in  a voice-channel  of  o FM/FDM 
multichannel  -telephone -signal  was  measured.  Several  years  ago,  measurements  of  this  type  have  already  been  made  at 
this  particular  path,  resulting  in  some  conclusions  on  the  dependence  of  the  intermodulation  from  the  deviation  of  FM- 
mockrlation  ond  from  the  received  power  (2),  At  this  time,  its  dependence  from  the  DPS,  particularly  from  its  medium 
delay-width,  has  been  examined. 

Only  recently,  the  interest  in  further  troposcatter  communication  research  grew  when  progress  in  adaptive 
filtering  theory  and  technology  improved  to  such  an  extent  that  implementing  these  techniques  seems  to  be  feasible. 
Furthermore,  the  decision  to  switch  to  DPC-modulotion  may  result  in  simpler  equalizing  algorithms.  Using  equalizers,  high- 
speed digital  signals  could  even  be  transmitted  if  the  bit  length  was  shorter  than  the  impulse  response  of  the  troposcatter 
path.  Especially,  the  so-called  decision  feedback  equalizer  shows  a high  degree  of  equalizing  capability.  This  is  a 
combination  of  a complex  linear  transversal  filter  (FIR-filter)  and  a digital  linear  feedback  filter  (IIR-filter)  (3). 

The  equalizing  technique  is  not  a new  one.  It  hos  been  used  since  many  years  for  improving  telephone 
channels.  However,  there  are  some  basic  differences  between  telephone  channels  and  the  troposcatter  channel,  which 
need  some  further  investigations,  port  of  which  Is  the  investigation  of  the  statistic  behaviour  of  the  troposcatter  channel. 

Of  importance  is  firstly  the  variability  of  the  instantaneous  pulse  response  of  the  channel,  because  the 
control  circuits  of  the  equalizer  have  to  adapt  to  the  continuously  changing  transfer  function.  Secondly,  the  entire  length 
of  the  DPS  is  important  because  it  is  a significant  measure  for  the  medium  length  of  the  instantaneous  impulse  responses. 

The  entire  length  of  the  equollzer  is  proportional  to  the  length  of  the  impulse  response.  Finally,  the  shape  of  the  DPS 
influences  the  choice  that  has  to  be  made  with  respect  to  the  number  of  the  taps  of  the  FIR-  and  the  IIR-filter.  That  means, 
for  example,  if  the  First  arriving  signals  carry  the  main  part  of  the  receiving  energy  followed  by  weak  signals,  the  signal  is 
almost  completely  equalized  by  the  digital  recursive  IIR-filter  part.  The  theoretically  calculated  DPS  shows  exactly  such 
a shape.  If  the  later  arriving  signals,  however,  take  over  the  maximum  energy,  the  FIR  part  of  the  filter  has  to  carry  the 
burden  of  the  equalizing  work. 

2.  DESCRIPTION  OF  TROPOSCATTER  PATH  AND  THE  MEASURING  METHOD 

2.1  Troposcatter  Path 

Fig.  1 shows  the  profile  of  the  scatter  path  ranging  over  a distance  of  278  km,  between  Leiselheim  near 
Freiburg  ond  Werthhoven  near  Bonn.  The  3 dB  scatter  volume  is  unsymmetric  because  of  different  elevation  angles  on  both 
sides.  The  angle  between  horizontal  rays  amounts  to  42  mrad  if  a 4/3  earth  radius  is  used.  This  corresponds  to  an 
equivalent  path  length  of  360  km,  which  would  be  the  length  of  a scatter  path  of  the  same  scatter  angle  with  horizontal 
radiation  on  both  sides. 

Same  technical  details  of  the  experimental  installation: 


Frequency 
Bandwidth  B 
Tranenltter  power 
Receiver  noise  figure 
Diameter  of  parabol  antennas 
3 dB  beamwidth 


907,68  MHz 
10  MHz 
10  kW 
3 dB 
8,5  m 
2,7  ° 


The  scatter  volume  ranges  from  1 ,7  km  altitude  to  6,5  km  above  sea  level.  The  length  of  the  scatter  volume 
it  approximately  110  km.  The  difference  between  the  lowest  and  the  highest  poth  of  the  3 dB  scatter  volume  is  approxi- 
mately 300  m corresponding  to  a maximum  delay-time  difference  of  l^usec. 


r 


5-3 

Fig.  2 shows  the  DPS  of  our  path  calculated  according  to  BELLO  for  4/3-oorth  radiui.  It  has  the  well-known 
shape  of  a sharp  rise  and  a flat  decay.  The  maximum  is  af  0,Q8/lr©c  behind  the  first  incoming  signal  and  the  RMS  delay 
spread  is  0,12yusec.  Approximately  80%  of  the  entire  received  energy  fall  into  the  first  0,3  ^Jsec  of  the  DPS.  Regarding 
the  geometrical  3 dB  scatter  volume,  energy  portions  of  time-delay  of  1 ^xrsec  could  be  expected. 

2.2  Method  of  measuring 

Fig.  3 shows  the  block  diagram  of  the  circuits  for  measuring  the  absolute  value  of  impulse  response  ond  the 
intermodulation. 

For  practical  reason  it  was  decided  to  measure  the  impulse  response  by  using  a sampling  technique.  This 
means,  one  instantaneous  impulse  response  is  measured  by  using  32  consecutive  code  transmissions.  Code  length  T is 
0.2msec  which  leads  to  a repetition  frequency  of  the  pictures  of  the  impulse  response  of  approximately  160  Hi.  The 
relatively  high  number  of  32  delay  steps  has  been  chosen  in  order  to  detect  multipath  contributions  from  outside  the 
common  volume  (artificial  scattering  objects). 

The  control  of  the  PN-code  delay  as  well  as  the  repetition  frequency  of  the  pictures  is  accomplished  by  a 
circuit  marked:  Synchronization  and  control.  This  circuit  manages  also  the  Initial  synchronization  of  the  reference 
PN-signal . 

The  low-frequency  output  is  transmitted  via  a twisted  pair  to  the  computer  located  in  a laboratory  at  a 
distance  of  2 km  and  is  than  digitized  and  stored  in  the  magnetic  disc  of  the  HP  2100  computer  for  further  evaluation. 
Storing  every  16th  picture  will  allow  for  recording  of  a continuous  three-hour  period.  After  such  o procedure,  the 
repetition  rate  of  the  picture  series  is  10  Hz. 

Each  minute,  the  equipment  at  the  transmitting  and  receiving  stations  is  synchroneously  switched  to  the 
intermodulotion  measuring  mode.  The  synchronism  is  controlled  by  the  low-frequency  transmitter  DCF  77. 

One-minute  period  for  intermittently  measuring  the  impulse  responses  and  the  intermodulation  was  chosen  for 
the  following  reason:  On  one  hand,  the  set  of  512  single  samples  of  impulse  responses  represents  a true  basis  for  a 
statistical  description  of  the  DPS,  even  though  these  samples  sometimes  are  not  independent.  On  the  other  hand,  the 
period  of  statistical  stationarity  probably  lasts  longer  due  to  its  substantial  weather  dependence.  Therefore,  the 
intermittent  one-minute  periods  of  the  DPS,  respectively  the  intermodulation  measurement,  represent  really  the  same 
statistical  stationarity  area. 

The  method  of  measuring  the  intermodulation  is  as  follows: 

At  the  transmitter  side,  one  voice-channel  Is  removed  from  the  baseband  noise  signal,  representing  120 
voice-channels.  At  the  receiving  side,  the  intermodulation  power  in  the  respective  voice-channel  is  measured.  The 
magnitude  of  the  intermodulation  signal  Is  transmitted  via  the  same  twisted  pair  to  the  A/D  converter  located  in  front  of 
the  computer  at  the  laboratory. 

2.3  Evaluations 

The  evaluation  of  the  digitally  recorded  date  includes  the  following  procedures: 

a)  The  estimation  of  medium  values  for  the  one-minute  periods  i.e.  the  calculation  of  the 
one-minute  short  time  DPS  and  its  RMS  width,  respectively  the  calculation  of  the  one- 
minute  median  value  of  the  the  intermodulation. 

b)  The  correlation  between  these  one-minute  periods  of  DPS  and  intermodulation  over 
the  entire  three-hours  measuring  period. 

c)  The  short  time  variation  of  the  impulse  response  will  be  described  by  a correlation  time 
constant  . This  means  the  time  a that  passes  until  the  impulse  response  function  at 
ta  is  decorrelated  by  a value  of  0.5  with  that  one  measured  at  time  l(rt,  Twenty 
correlation  series  have  been  averaged  within  the  same  one-minute  period,  because 
correlating  signals  consisting  of  4-8  samples  lead  to  a very  high  spread  of  the 
estimated  correlation  coefficient. 

d)  Occasionally  a correlation  analysis  of  the  time  dependence  of  adjacent  sample  values 
of  Impulse  response  has  been  carried  out  in  order  to  find  out,  whether  the  adjacent 
samples  of  the  impulse  response  were  correlated. 

In  many  cases,  pronounced  dependence  between  the  shape  of  the  DPS  and  the  weather  conditions  as 
illustrated  in  the  weather  charts  have  been  found.  Especially  transient  weather  'roots  clearly  changed  the  DPS 
structure. 
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3.  MEASURING  RESULTS 


3.1  Correlation  between  adjacent  samples  of  the  DPS 

Correlation  analysis  over  one-minute  periods  of  the  time  dependence  of  adjacent  samples  of  the  impulse 
response  function  yielded  values  between  r 0,2  and  - 0,2.  This  confirms  the  WSSUS-hypothesis  of  independent 
fluctuation  of  adjacent  values  which  ore  separated  due  to  the  sampling  rate  by  1/B  sec.  This  time  resolution  corresponds 
to  a resolution  of  the  layer  thickness  of  600  m at  the  lov  est  altitude  and  of  300  m at  the  highest  altitude. 

3.2  Time  fluctuation  of  the  DPS 

The  first  figures  are  intented  to  give  an  impression  of  the  variability  of  the  observed  DPSs. 

Fig.  4 shows  a very  narrow  DPS  remaining  almost  constant  over  a three-hours  period.  The  right  hand  curve 
shows  the  correlation  time  of  the  impulse  response  which  amounts  to  several  seconds,  that  means,  the  fading  is  very  slow. 
(The  program  calculating  the  correlation  time  was,  for  saving  computer  time,  limited  to  a correlation  time  maximum 
of  7 sec.) 
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The  low  shifting  of  the  DPS  is  cfae  to  a frequency  difference  of  the  atomic  frequency  standards  at  the  two 
stations,  which  (swell  within  the  limit  of  the  specifications. 

The  separated  signal,  delayed  by  0.S  msec,  indicates  the  reflection  of  an  airplane  outside  the  3 dB  scatter 
volume.  The  measurement  was  made  during  night  time  and,  therefore,  almost  no  airplane  reflection  occured. 

The  RMS  delay  spread  amounts  to  0,11  msec,  slightly  below  the  0,12  msec  delay  spread  of  the  calculated 
DPS.  During  the  measuring  time  and  also  during  the  previous  day,  high  pressure  weather  conditions  existed  including 
high  humidity  within  the  lower  altitudes. 

Fig.  S shows  the  DPS  in  the  afternoon  of  the  previous  day.  At  one  glance  one  immediately  recognizes  strong 
activities  of  airplanes.  Comparing  these  last  figures,  the  difference  between  day-  and  night-time  measurements  is  clearly 
illustrated.  In  general,  the  airplane  reflections  last  for  short  time  only  but  their  intensity  can  be  quite  high.  It  often 
exceeds  the  intensity  of  the  whole  remaining  signal.  This  con  be  seen  from  the  height  of  the  reflection  signals  in  fig.  S 
which  represents  one-minute  average  values  of  the  Instantaneous  power.  Remarkable  delay  times  will  occure  which  can 
by  far  exceed  the  widths  of  the  atmospherically  Induced  DPS.  Such  airplane  reflections  represent  a specific  problem  if 
one  tries  to  compensate  for  the  delay  spread,  especially  because  normally  the  circuitry  is  dimensioned  for  compensating 
the  delay  spread  due  to  atmospherical  scattering  only. 

It  should  be  mentioned  here  that  there  is  a danger  in  using  equalizing  techniques,  because  their  performance 
can  be  deteriorated  by  intentionally  placing  strong  scatterers  like  chaff  outside  the  common  volume. 

In  contrast,  fig.  6 shows  an  extremely  broad  DPS  with  an  average  delay  spread  of  0,24/usec.  Several 
airplane  reflections  can  be  recognized.  The  fading  is  extremely  fast:  ‘he  correlation  time  of  the  impulse  response  is  less 
than  0,1  sec.  The  weather  chart  of  the  relevant  area  showed  the  outskirts  of  an  extensive  low  pressure  system  with  strong 
winds  and  intensive  precipitation. 

Comparing  the  narrow  and  broad  DPSs  with  respect  to  their  fading  behaviour  leads  to  the  conclusion  that 
generally  a broad  DPS  it  connected  with  fast  fading,  and  narrow  DPS  with  slow  fading  correspondingly.  This  rule  is 
confirmed  by  some  of  the  measurements  that  will  be  discussed  later. 

The  following  figures  Illustrate  the  variation  not  only  in  the  width  but  also  in  the  shape  of  the  DPS.  Fig.  7 
also  displays  a flat  DPS  structure,  the  maximum  of  which  is  mainly  in  the  right-hand  side  of  the  DPS,  i.e.  in  the  region 
of  the  higher  time  delays.  During  the  first  hour  one  even  recognizes  a pronounced  double  structure  with  two  maxima.  The 
decorrelation  time  far  the  impulse  response  sequences  varies  between  0.2  and  0.4  sec. 

Fig.  8 indicates  a highly  structured  broad  DPS,  where  a double  structure  again  can  be  observed  for  parts  of 
the  observation  period.  The  RMS  spread  a is  0. 23^/usec.  The  decorrelation  time  of  the  impulse  response  sequences  is 
about  0.5  sec. 

The  next  figure  has  to  be  compared  with  this  one  because  it  describes  a very  Interesting  situation.  The 
measuring  period* that  form  the  basis  far  the  last  two  figures,  are  separated  by  15  minutes  only.  (Xtring  this  time  the 
meteorological  conditions  changed  significantly  because  a high  temperature  weather  front  was  moving  rapidly  through 
the  scatter  volume  perpendicular  to  the  line  connecting  both  stations,  thus  destroying  the  very  stable  layering  that 
existed  before.  Whereas  fig.  8 describes  the  situation  after  the  passage  of  the  front,  fig.  9 describes  the  condition 
before  the  event  which  can  be  deduced  from  the  narrow  shape  of  the  DPS  and  the  long  decorrelation  time  of  the  impulse 
response  series. 

Further  examples  of  the  DPS  with  a characteristic  variability  will  be  shown  in  the  next  figure.  These  examples 
demonstrate  within  the  three-hours  measuring  period  the  interrelationship  between  delay  spread  of  the  DPS  and  the  fading 
characteristic.  Fig.  10  shows  a rather  quick  change  from  a narrow  to  a broad  DPS.  The  decorrelation  time  decreases 
simultaneously  from  3-4  sec  to  about  0.3  sec.  A quick  transfer  of  cold  air  masses  in  higher  altitudes  could  have  caused 
a change  In  the  structure  of  the  scatter  volume. 
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Fig.  11  shows  a steady  broadening  of  the  DPS  within  the  course  of  the  three-hours  measurement  period. 
Accordingly,  the  correlation  time  of  the  impulse  response  series  decreases  starting  from  values  of  about  2 sec  for  the 
initially  very  sharp  shape  of  the  DPS  down  to  values  of  about  0.1  sec  for  the  brooder  part  of  the  DPS.  This  time  dependence 
could  probably  correspond  to  the  dissolution  of  the  morning  dust  ond  fog.  The  dissolution  is  supported  by  the  removal  of 
high  pressure  conditions  (which  could  be  seen  from  the  weather  chart). 

As  far  as  the  stationarity  of  the  scatter  process  is  concerned  one  will  notice  that  in  most  of  the  cases  there  is 
a well  pronounced  similarity  between  the  DPS-curves  thot  have  been  measured  (with  an  integration  time  of  1 min)  in 
consecutive  two-minutes  intervals.  From  this  it  can  be  concluded  that  the  scatter  process  is  stationary  at  least  over  periods 
of  5 - 10  min,  sometimes  for  much  longer.  It  should  be  emphasized  again  that  the  strong  fluctuations  of  the  decorrelation 
times  of  the  impulse  response  sequences  from  minute  to  minute  is  caused  by  the  fact  that  the  data  basis  for  estimating  these 
values  is  small  as  has  already  been  mentioned  above. 

3.3  Correlation  between  intermodulation  I,  time  spread  O',  and  field  strength  E 

In  the  presence  of  airplane  reflections  the  above  mentioned  periods  of  stationarity  are  reduced  to  less  than 
I minute.  The  method  of  measuring  the  intermodulation  and  the  delay  spread  sequentially  (over  periods  of  1 min  each) 
can  lead  to  useful  correlation  results  only  if  stationarity  exists  over  a period  of  succeeding  measurement  minutes.  For  this 
reason,  the  doy-time  recordings  generally  showed  very  weak  correlation  between  the  delay  spread  of  the  DPS  and  the 
intermodulation. 

Therefore,  night-time  measurements,  mostly  undisturbed  by  airplane  reflections,  have  been  processed  and 
yielded  the  expected  good  co  >lation  between  the  delay  spread  and  the  intermodulation.  Following  below  are  some 
examples. 


Fig.  12  shows  a typical  night  measurement.  Only  one  airplane  reflection  is  noticeable.  The  DPS  is  changing 
very  slowly  from  a flat  and  broad  shape  to  a sharper  one.  The  fading  is  very  fast:  the  decorrelation  time  of  the  impulse 
response  series  is  about  0.1  sec,  showing  a slight  rise  to  approx.  0.2  sec  versus  the  end  of  the  period. 

The  three  curves  of  fig.  13  show  the  time  dependence  of  the  minute-medium  value  of  the  intermodulation  I, 
the  delay  spread  o ,and  the  total  received  power  E.  E equals  the  integral  taken  over  each  1 -minute  DPS.  Only  the 
variations  around  the  respective  medium  values  are  shown.  Free  scaling  of  the  Y-axis  is  employed  in  order  to  clearly 
illustrate  the  similarity  between  the  I-  and  a -curves.  The  absolute  ranges  of  the  variations  of  I,  O'  and  E are  in  the  order 
of  10  pW,  2*10"8sec  and  10"  W respectively.  Relating  them  to  their  mean  values  yields  y *50%,  ^"«20%  and  *5%. 

One  can  recognize  a good  correlation  between  the  above  described  decrease  of  the  delay  spread  and  the 
decrease  of  the  intermodulation.  The  correlation  coefficient  is  =0.93.  Increasing  the  integration  time  for  the 

estimation  of  the  intermodulation  and  the  delay  spread  from  [ min  to  10  min  leads  to  a correlation  coefficient  of  t =0.9- 5. 
The  received  power  E is  negotively  correlated  with  the  delay  spread  o and  intermodulation  I.  This  Is  also  typical:  a broad 
DPS  will  correspond  to  a weak  power  of  the  received  signal  and  vice  versa.  The  negative  correlation  between  the  received 
power  and  the  delay  spread  amounts  to  m - 0.75.  The  correlation  between  the  received  power  E and  the  inter- 
modulation’I is  =-0.8.  1 

Following  are  two  more  examples  of  night-time  measurements.  They  indicate  the  same  dependence  between 
the  DPS  delay  spread,  fading,  intermodulation,  and  the  total  received  power.  Fig.  14  shows  a variation  not  only  of  the 
delay  spread  but  also  of  the  shape  of  the  DPS.  At  the  beginning  of  the  measurement  period  one  recognizes  a broad  and  flat 
DPS  with  a maximum  arising  at  the  higher  delay  times.  In  the  course  of  the  measurement  period  the  maximum  is  transferred 
more  ond  more  towards  the  shorter  delay  times.  At  the  same  time  the  shape  of  the  DPS  is  becoming  narrower.  The  medium 
delay  spread  of  0.15yusec  is  higher  than  that  of  the  previous  example.  (The  measurement  was  interrupted  for  20  min, 
approximately  in  the  middle  of  the  measurement  period.  Therefore,  the  movement  of  the  maximum  towards  the  left-hand 
side  seems  to  jump.)  Simultaneously  with  the  steepening  up  of  the  DPS  the  fading  becomes  slower.  The  correlation  time  of 
the  impulse  response  series  rises  from  approx.  0.2  sec  to  1 sec. 

Fig.  15  shows  the  time  dependence  of  the  minute-medium  values  of  intermodulation,  delay  spread,  and  total 
received  power,  corresponding  to  the  situation  In  fig.  14.  The  some  type  of  correlation  of  the  intermodulation  I with  delay 
spread  O and  with  the  received  power  E can  be  recognized  in  this  case.  The  correlation  coefficient  between  I and  & 
amounts  to  ^ e»I  = 0.74.  It  Increases  to  a value  of  0.94  by  smoothing  the  statistical  variation  of  the  minute-medium 
values  over  intervals  of  10  min.  The  negative  correlation  between  I and  E respectively  (T  and  E amounts  to  t^I.E  *-0.66 
respectively  £V,e  =-0.83.  It  rises  by  smoothing  over  10  minutes  to -0.65  respectively -0.94, 

A third  example  of  a night-time  measurement  together  with  the  inherent  correlation  values  between  I,  <J"  and 
E is  shown  in  the  figs.  16  and  17.  The  delay  spread  (fig.  16)  shows  a pronounced  broadening  In  the  last  third  of  the 
measurement  period  which,  however,  is  not  so  clearly  reflected  in  the  fading  behaviour.  Only  a weak  increase  of  the 
fading  rote  is  indicated.  Again  a good  correlation  between  I,  E,  and  O can  be  seen  (fig. 17)  although  seems  to  be 

not  so  high  as  In  the  case  mentioned  before.  Quantitatively:  the  correlation  coefficient  between  O and  I amounts  to 
^c,l  = 0.65.  It  increases,  however,  by  averaging  over  5 min  to  0.96,  by  averaging  over  10  min  to  0.98.  The 
correlation  coefficient  $9,%  omounts  to  0 .59 . 
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The  following  conclusions  con  be  drown  from  the  Investigations: 


1 .  The  WSSUS  assumption  of  uncorrelated  behaviour  of  adjacent  layers  in  the  sootter 
volume  has  been  confirmed  for  the  case  of  a time  delay  resolution  of  0.1  ^usec, 
corresponding  to  a resolution  of  the  layer  thickness  of  600  m at  low  altitudes  and 
300  m at  the  higher  end  of  the  scatter  volume. 


2.  The  delay  spread  of  the  measured  DPS  is  in  the  average  broader  than  the  spread  of 
the  calculated  DPS  which  is  generally  taken  as  a basis  for  comparing  purposes. 

It  is  calculated  with  the  assumption  of  4/3  earth  radius,  angle  dependence 
and  a linear  height  dependence  of  the  variations  of  the  refraction  index. 

The  experienced  variation  of  the  delay  spread  extended  from  values  of  0.11  ^AJsec 
to  values  of  0.26yusec,  compared  to  a theoretical  delay  spread  of0.12yusec. 

3.  A higher  delay  spreod  of  the  DPS  generally  corresponds  to  a faster  fading 
respectively  to  o faster  decorrelation  of  the  impulse  response  series.  At  the  same 
time,  the  total  received  power  decreases  with  the  broadening  of  the  DPS.  The 
correlation  coefficient  (?i,r  is  about -0.8. 
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4.  The  shape  of  the  one-minute  short-time  DPS  can  substantially  differ  from  the 
theoretical  one.  Often,  the  DPS  shows  its  maximum  value  with  longer  delays,  and 
often  even  a double  structure  containing  two  maxima  arises,  indicating  a wide 
spread  of  the  actual  impulse  response  around  the  theoretical  DPS  structure. 

5.  Generally,  adjacent  one-minute  DPSs  show  a similar  structure,  whereby  deviations 
from  this  behaviour  may  be  explained  as  a statistical  spread  due  to  the  limited 
number  of  the  independent  samples  of  the  impulse  responses  within  1 minute. 

The  periods  of  statistical  stationarity  of  the  scattering  process  include  time  intervals 
of  5 - 10  min  up  to  several  hours. 

6.  Correlation  analysis  of  the  delay  spread  and  the  intermodulation  yields  correlation 
values  i °f  approx.  0.95  with  smoothing  intervals  of  5 - 10  min  ckjration. 

7.  A substantial  portion  of  the  DPS,  at  least  on  our  scatter  link,  is  effected  by 
airplane  reflections.  Their  sporadic  appearance  leads  to  a high  degree  of  instationarity 
of  the  scattering  statistic.  Due  to  the  high  scattering  cross-sections  of  airplanes, 
considerable  intensities  may  arrive  from  far  outside  the  scatter  volume  (or  arriving 
from  sidelobes  of  the  antenna  diagram).  They  lead  to  a considerable  broadening  of 

the  effective  impulse  response  respectively  of  the  effective  DPS.  Delay  times 
up  to  2/usec  outside  the  atmospherically  induced  DPS  were  noted. 


Concerning  the  conclusions  with  respect  to  using  equalizing  techniques  on  scatter  links,  particularly  of  the 
decision  feedback  equalizer,  one  con  say  that,  according  to  the  described  measurement  results,  the  theoretically 
calculated  DPS  is  not  a good  basis  for  deciding  on  the  length,  i.e.  the  number  of  taps  of  the  equalizer,  nor,  in  the 
case  of  feedback  systems,  is  it  a good  basis  for  deciding  on  the  distribution  of  poles  and  zeroes  in  the  transfer  function. 
Higher  efforts  in  terms  of  numbers  of  taps  are  required  because  of  the  longer  duration  of  the  impulse  responses  as  compared 
to  the  theoretically  calculated  DPS. 


By  far,  the  most  critiool  conditions  for  equalizing  are  caused  by  the  sporadic  airplane  reflections.  In  general, 
relatively  long  delay  times  could  be  compensated  by  an  appropriately  extended  recursive  filter  part.  However,  this  can 
only  be  practised  if  the  amplitudes  of  the  reflections  are  less  than  those  scattered  by  the  atmospheric  inhomogeneities. 

Unfortunately,  the  Intensities  of  airplane  reflections  often  exceed  the  main  scatter  signal  part.  Thereby  it 
may  happen  that  the  IIR-part  cannot  contribute  to  the  equalization  at  all.  In  this  case  a very  long  FIR-ftlter  would  have  to 
be  used,  thus  increasing  the  complexity  of  the  equalizing  circuitry  beyond  reasonable  limits.  However,  it  exceeds  the 
frame  of  this  contribution  to  discuss  these  problems  in  detail. 
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Fig.  1 Troposcatter  path  between  Leiselheim  and  Werthhoven 


Figs  10  A 1 1 Examples  of  the  time  dependence  of  1-rnin  delay  power  spectra  and  decorrelation  time  of  the  impulse  response  series 
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Fig.  14  Night-time  measurements  of  DPS  Fig.  15  Time  dependence  of  intermodulation  I,  delay  spread 

o and  received  power  E,  corresponding  to  measurements  of 
Figures  12,  14,  16  respectively 
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HF  SCATTER  FROM  OVERDEN8E  METEOR  TRAILS 


George  H.  Millman 
General  Electric  Company 
Syracuse,  New  York  13201,  USA 


SUMMARY 


The  characteristics  of  HF  radar  reflections  from  overdense  meteor  Ionization  trails  having  line  densities 
greater  than  lO*4  electrons/m,  are  discussed.  Theoretical  estimates  are  made  of  the  radar  cross  sectional  area, 
time  duration  and  the  Doppler  frequency  shift  of  meteor  echoes.  Utilizing  experimental  meteor  data  recorded  at 
32  MHz  by  Greenhow  and  Watkins  (1964),  extrapolations  are  made  of  the  statistical  variations  of  the  cross  sectional 
area,  the  echo  duration  and  the  meteor  echo  rate  for  frequencies  In  the  6-MHz  to  40-MHz  band. 

1.  INTRODUCTION 


Meteoric  particles  on  entering  the  earth's  atmosphere  produce  Incandescence  and  an  Ionization  trail  ex- 
tending along  the  path  of  the  meteor  at  altitudes  between  approximately  80  and  120  km. 

Radar  echo  returns  from  meteor  trails  are  a source  of  false  alarms  for  an  HF  backscatter  radar  designed 
to  detect  targets  beyond  the  horizon. 

In  this  paper,  the  characteristics  of  HF  radar  echoes  from  high  density  (overdense)  Ionization  trails,  l.e. , 
line  density  is  greater  than  10 14  electrons/m,  are  discussed. 

Estimates  are  made  of  the  radar  cross  section  and  the  time  duration  of  overdense  meteor  echoes  utilizing 
the  theoretical  models  hypothesized  by  Eshleman  (1955,  1957).  The  Doppler  frequency  shift  of  meteor  echoes  im- 
posed by  Ionospheric  winds  are  also  evaluated. 

Utilizing  experimental  meteor  data  recorded  at  32  MHz  by  Greenhow  and  Watkins  (1964),  extrapolations  are 
made  of  the  statistical  variations  of  the  cross  sectional  area,  the  echo  time  duration  and  the  echo  meteor  rate  for 
frequencies  in  the  HF  band. 

2.  THEORETICAL  CONSIDERATIONS 

2. 1 Radar  Cross  Section 

Radar  pulses  backscattered  from  meteoric  Ionization  are  aspect-sensitive  In  that  the  maximum  Intensities 
are  returned  when  the  direction  of  propagation  Is  orthogonal  to  the  trail.  The  reflection  process  Is  assumed  to  take 
place  at  the  surface  of  the  Ionization  trail  where  the  condition  of  critical  reflection  is  satisfied,  (.  e. , the  frequency 
of  the  Incident  radiation  Is  equal  to  the  plasma  frequency  of  the  trail. 

According  to  Eshleman's  et  al.  (1957)  scattering  theory,  the  maximum  backscatterlng  cross  sectional  area 
at  the  long  wavelengths  (A  > 3 m)  is  given  by 


aQl  (max) 


exp  (-0.5) 


(1) 


where  <re  Is  the  radar  cross  section  of  an  electron  (10~ 28  m2),  q Is  the  line  density  (In  electrons/m),  x is  the  wave- 
length (in  meters)  and  R0  is  the  perpendicular  distance  from  the  radar  to  the  meteor  trail  (In  meters). 


Figure  1 is  a plot  of  the  radar  cross  section  of  overdense  meteor  trails  as  a function  of  elevation  angle  for 
frequencies  in  the  HF  band,  the  calculations  being  based  on  an  assumed  q = 10*4  electrons/m  and  meteor  altitude  of 
95  km.  It  is  seen  that,  for  propagation  along  the  horizon,  the  cross  section  varies  between  approximately 
2. 6 x 10®  m2  and  1. 7 x 10^  m2  at  40  MHz  and  6 MHz,  respectively,  and  that,  the  cross  section  decreases  by  an 
order  of  magnitude  at  an  elevation  angle  of  70”. 


2.2  Time  Duration 


According  to  Eshleman  (1955),  assuming  that  the  meteor  trail  Is  an  lnflnitely-long  right  circular  cylinder 
and  that  the  column  of  electrons  expands  by  normal  diffusion  In  a Gaussian  distribution,  the  amplitude-time  depend- 
ency of  a reflected  signal  at  the  long  wavelengths  Is  of  the  form 


tin 


A2  q <7, 
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where  Aq  Is  the  maximum  amplitude  and  D Is  the  amblpolar  diffusion  coefficient  (in  m /sec). 

As  shown  In  Figure  2,  the  radar  cross  section,  l.  e. , signal  amplitude,  increases  with  time  to  a maximum 
value  and  then  decreases  to  zero. 
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The  time  duration  of  overdense  meteor  trails  Is  simply  the  total  duration  of  the  echo  and  la  Riven  by 
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(3) 


The  estimates  of  the  time  duration  as  a function  of  altitude,  presented  in  Figure  3,  are  based  on  Greenhow's 
and  Neufeld's  (1955)  model  for  the  ambtpolar  diffusion  coefficient  which  Is  exposed  uy 

log10D  - 0.0679h  - 5.663 

where  h is  the  altitude  of  the  meteor  column  (in  km).  (4) 

It  is  evident  that  the  meteor  echo  duration  increases  with  decreasing  altitude  and  increasing  line  density. 

For  an  ionization  altitude  of  96  km  and  line  density  of  10**  electrons/m,  the  duration  of  overdense  meteor  echoes 
evaluates  to  2.9  sec  and  0.66  sec  at  6 MHz  and  40  MHz,  respectively. 

2.3  Doppler  Frequency  Shift 

The  Doppler  frequency  shift  encountered  by  radio  waves  incident  on  meteoric  ionization  is  mainly  due  to  the 
wind  motions  in  the  ionosphere. 

Assuming  that,  at  a given  altitude,  the  ionospheric  wind  speed  is  Rayleigh  distributed  and  the  angular  orien- 
tation of  the  wind  in  a plane  parallel  to  the  tangent  plane  at  the  earth's  surface  is  uniformly  distributed,  it  follows 
that  the  probability  density  function  of  the  Doppler  frequency  shift  is  Gaussian  with  a mean  Doppler  of  zero. 

It  can  be  readily  shown  that  the  standard  deviation,  a,  of  the  Gaussian  distributed  Doppler  frequency  shift 
can  be  expressed  by  (Millman,  1975) 
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cos  E 


(5) 


where  V is  the  mean  wind  speed,  r0  is  the  earth's  radius,  h is  the  meteor  ionization  altitude,  and  E is  the  elevation 
angle  to  the  meteor  trail  as  measured  from  the  horizon. 

The  estimated  standard  deviation  and  the  upper  decile  («1.28  a ) of  the  Doppler  frequency  shifts  at  6 MHz  for 
winds  at  95  km  altitude  are  shown  in  Figure  4 as  a fanctlon  of  elevation  angle.  The  statistical  distribution  of  the  mean 
ionospheric  wind  speed  was  deduced  from  the  experimental  measurements  summarized  by  Rao  (1965). 

According  to  Figure  4,  at  6 MHz,  the  upper  decile  Doppler  frequency  shift  imposed  by  ionospheric  winds 
having  a mean-median  speed  of  80  m/sec  could  vary  between  approximately  3.0  and  3.2  Hz  for  elevation  angles  less 
than  20*.  At  40  MHz,  the  Doppler  frequency  shift,  for  the  same  conditions,  varies  between  20.  0 and  21.3  Hz. 

3.  EXPERIMENTAL  MEASUREMENTS 

3.1  System  Parameters 

A study  of  radar  reflections  at  32  MHz  conducted  by  Greenhow  and  Watkins  (1964)  in  England  in  the  fall  of 
1961  can  be  directly  applied  for  estimating  the  characteristics  of  meteor  echoes  at  other  frequencies  In  the  HF  band. 
Radar  meteor  observations  were  also  made  at  a frequency  of  300  MHz,  the  32-MHz  data  being  used  to  assist  in  the 
interpretation  of  echoes  occurring  simultaneously  at  the  higher  frequency. 

The  parameters  of  the  HF  radar  equipment  used  in  the  Greenhow-Watkins  experiment  are  given  in  Table  1. 
The  meteor  data  were  collected  with  the  antenna  oriented  at  a fixed  azimuth  of  30*  east  of  north  and  at  an  elevation 
angle  of  10*. 


TABLE  1 

GREENHOW'S  AND  WATKINS'  RADAR  PARAMETERS 


Frequency 

32  MHz 

Transmitter  Peak  Power 

7 kW 

Pulse  Length 

140  psec 

Pulse  Repetition  Frequency 

50  pulses/sec 

Antenna  Diameter 

25  m 

Antenna  Beamwidth 

25* 

Antenna  Gain 

16  dB 

Cosmic  Noise 

15, 000*K 

) 

I 


I 
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3.2  Experimental  Results 

Figure  5 Is  a plot  of  the  mean  heights  of  the  300-MHz  echoes  as  a function  of  the  time  duration  of  the  coinci- 
dent 32-MHz  echoes  and  the  approximate  values  of  the  meteor  trail  line  density.  It  Is  seen  that  the  line  density  In- 
creases as  the  mean  height  Increases  which  la  contrary  to  meteor  theory  (Greenhow,  1963). 

According  to  Equation  (3),  the  line  density  Is  dlreotly  proportional  to  the  time  duration.  However,  as  shown 
In  Figure  6,  there  Is  a slight  deviation  of  the  line  density  time  duration  plot  from  a linear  fit.  This  deviation  Is  most 
likely  due  to  the  fact  that  the  data  are  based  on  meteor  echoes  recorded  at  all  altitudes  and  that  the  diffusion  coeffi- 
cient, which  appears  In  Equation  (3),  Is  altitude  dependent. 

The  meteor  cross  sectional  area  presented  In  Figures  7 and  8 as  a function  of  line  density  and  echo  duration, 
respectively,  was  calculated  utilizing  Equation  (1)  with  the  mean  altitude  data  of  Figure  S. 

A histogram  of  the  echo  duration  of  the  32-MHz  echoes  which  correlated  with  the  300-MHz  echoes  Is  given 
In  Figure  9. 

The  Integration  of  the  area  under  the  histogram  of  Figure  9 results  In  the  cumulative  distribution  function 
of  echo  duration  shown  In  Figure  10.  When  utilizing  Figure  10  In  conjunction  with  Figures  6 and  8,  It  follows  that 
the  cumulative  distribution  function  of  the  line  density  and  cross  sectional  area  can  be  readily  derived.  A summary 
of  the  statistical  characteristics,  I.  e. , lower  decile,  median  and  upper  decile,  of  the  echo  duration,  line  density  and 
cross  sectional  area,  as  obtained  from  Figures  10,  11,  and  12,  respectively,  are  summarized  In  Table  2. 


TABLE  2 

STATISTICAL  CHARACTERISTICS  OF  GREENHOW'S  AND  WATKINS’ 
METEOR  DATA  AT  32  MHz 


Echo 

Duration 

(sec) 

Line 

Density 

(Electrons/m) 

Cross 

Section 

<m2) 

Lower  Decile 

0.  38 

1.30  x 1014 

1.38  x 106 

Lower  Quartlle 

0.48 

1.78  x 1014 

1.63  x 106 

Median 

0.88 

4.00  x 1014 

2.83  x 106 

Upper  Quartlle 

1.20 

1.03  x 1015 

4.70  x 106 

Upper  Decile 

7.80 

8.60  x 1015 

1.30  x 107 

Figure  13  Is  a plot  of  the  diurnal  variation  of  the  meteor  rate  for  echoes  with  time  durations  greater  than 
one  second.  It  Is  seen  that  the  rate  Is  a maximum  of  about  238  meteors/hour  In  the  early  hours  of  the  morning  and 
a minimum  of  about  40  meteors/hour  In  the  evening. 

4.  EXTRAPOLATION  OF  EXPERIMENTAL  DATA 

Greenhow's  and  Watkins'  (1964)  32-MHz  meteor  data  oan  be  used  as  a base  for  predicting  the  characteristics 
of  meteor  echoes  at  other  frequencies  In  the  HF  band. 

According  to  Equations  (1)  and  (3),  the  meteor  cross  section  Is  Inversely  proportional  to  frequency,  while 
the  time  duration  Is  Inversely  proportional  to  the  square  of  frequency.  Utilizing  these  relationships.  It  Is  then  pos- 
sible to  convert  the  Greenhow's  and  Watkins'  cross  section  and  time  duration  results,  shown  In  Flgutes  8,  10  and  12, 
to  frequencies  of  interest. 

Table  3 contains  the  statistical  characteristics  of  meteor  oross  section  and  echo  duration  at  6 MHz  and  40  MHz 
as  extrapolated  from  Greenhow's  and  Watkins'  (1964)  data.  It  Is  seen  that,  at  the  low  end  of  the  HF  band,  SO  percent 
of  the  meteor  echoes  oould  persist  for  times  greater  than  about  24  sec  while,  at  the  high  end  of  the  frequency  band, 
the  time  durations  deorease  to  about  0. 8 sec. 

An  examination  of  the  system  parameters  given  In  Table  1 reveals  that  the  radar  employed  by  Greenhow  and 
Watkins  (1964)  observed  all  the  overdense  meteor  echoes.  Although  the  half-power  beamwldth  was  26*,  overdense 
meteors  oould  be  detected  as  far  down  as  26.  IS*  from  the  antenna  beam  axis.  This  value  was  derived  by  assuming 
the  following:  (1)  the  system  sensitivity  was  set  by  the  oosmlc  noise  level;  (2)  a slgnal-to-nolse  ratio  of  10  dB  was  re- 
quired to  deteot  the  minimum  (overdense  meteor)  line  density  of  101*  electrons/m;  (3)  the  circular  antenna  was  uni- 
formly Illuminated,  l.e. , the  amplitude  and  phase  of  the  radiation  across  the  face  of  the  antenna  aperture  was  uniform. 
The  normalized  one-way  radiation  pattern  of  a circular  antenna  is  given  by 


J.  <»d  sin  y/X) 
S<*>  “ 2 (»Taln  y7xT 


(6) 


u 


where  Ji(xd  sin  y/x)  la  the  Bessel  function  of  the  first  order,  d Is  the  diameter  of  the  aperture,  X Is  the  transmitted 
wavelength  and  y la  the  angle  off  the  beam  axis. 
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TAHI.r  3 

CROSS-SECTIONAL  AREA  AN!)  TIME  DUHAUON  OE  METEOR  ECHOES 
EXTRAPOLATED  FROM  GREENIIUW'S  AND  WATKINS'  DATA  AT  32  MHz 


Frequency 

Statistics 

Cross  Section 
(m2) 

Echo  Duration 
(sec) 

6 MHz 

Lower  Decile 

7.  36  x 106 

10.81 

Lower  Quartile 

8.  69  x 106 

16.65 

Median 

1.  35  x 107 

24. 18 

Upper  Quartile 

2.  51  x 107 

34.  13 

Upper  Decile 

6.  93  x 107 

213.  33 

40  MHz 

Lower  Decile 

1. 10  x 106 

0.  24 

Lower  Quartile 

1.  30  x 106 

0.31 

Median 

2.  02  x 10® 

0.  54 

Upper  Quartile 

3.  76  x 10® 

0.  77 

Upper  Decile 

1.  04  x 107 

4.  80 

The  area  in  the  meteor  band  formed  by  the  intersection  of  the  antenna  beam  diameter  of  52.3’  with  the  95-km 
altitude  surface  evaluates  to  approximately  4.20  x 10s  km2. 

In  deriving  the  overdense  meteor  echo  rate  that  could  be  observed  with  an  HF  backscatter  radar.  It  is  neces- 
sary to  determine  the  area  In  the  meteor  band  being  illuminated  by  the  main  antenna  beam  and  sldelobes.  It  is 
assumed  that  the  radar  has  sufficient  sensitivity  to  detect  meteoric  ionization  in  the  sldelobes  at  all  elevation  angles 
(E  » o*  to  90*)  and  over  a 180*  azimuthal  spread.  The  latter  is  based  on  the  assumption  that  there  are  "holes"  In  the 
azimuth  sidelobe  pattern  and  that  only  one-half  of  the  360*  azimuth  angle  coverage  Is  effective  in  transmission  and 
reception. 

The  area  under  illumination  at  an  altitude  of  95  km  for  the  condition  of  0*  to  90*  elevation  angle  coverage  and 
180*  azimuth  angle  coverage  is  equal  to  1. 93  x 106  km2.  It  follows  that  an  HF  backscatter  radar  would  Intercept  ap- 
proximately 4.60  times  more  overdense  meteors  in  the  direct  line-of-sight  than  detected  by  the  Greenhow  and 
Watkins  radar. 

In  the  operation  of  an  HF  backscatter  radar,  it  is  necessary,  for  the  most  part,  to  utilize  the  F-layer  mode 
of  propagation.  Some  of  the  overdense  meteor  echoes  detected  by  reflections  from  the  F-layer  could  appear  In  the 
radar  range  interval  of  the  Une-of-slght  meteor  echoes.  The  radar  range  of  the  F-layer  reflected  meteor  echoes  will 
coincide  with  the  Une-of-slght  meteor  range  for  the  condition  in  which  R + R2  where  R is  the  radar-horizon  range 
to  the  meteor  trail  and  Rj  and  Rj  are  the  ranges  illustrated  in  Figure  14. 

In  estimating  the  magnitude  of  the  F-layer  reflection  meteor  echoes  appearing  In  the  Une-of-slght,  it  is 
assumed  that:  (1)  the  F-layer  reflections  occur  at  an  altitude  of  350  km,  (2)  the  meteor  echo  altitude  is  95  km,  and 
(3)  the  skip  distance  is  926.6  km  (500  nmi),  i.e. , the  minimum  distance  at  which  a ray  can  return  to  the  ground  after 
reflection  from  the  ionosphere.  It  can  readily  be  shown  that,  for  these  assumptions,  the  Une-of-slght  F-layer  re- 
flected echoes  will  be  confined  within  the  elevation  angles  of  30*32'  and  34*13'.  The  latter  specifies  the  maximum  el- 
evation angle  for  the  F-layer  mode  of  propagation  to  exist  for  the  above  assumed  conditions  while  the  former  is  the 
elevation  angle  which  satisfies  the  range  condition,  R = R]+  R2,  shown  in  Figure  14. 

The  surface  area  at  the  meteor  band  encompassed  by  the  two  elevation  angles  having  an  angular  difference  of 
3*41'  and  the  180*  azimuth  spread  evaluates  to  2.  91  x 10s  km2  which  is  approximately  0. 69  of  the  surface  area  under 
surveillance  in  the  Greenhow  and  Watkins  experiment.  Thus,  an  HF  backscatter  radar  would  observe  by  F-layer  re- 
flections a factor  of  0. 69  the  number  of  overdense  meteor  echoes  reported  by  Greenhow  and  Watkins  and  presented  in 
Figure  13. 

Figure  15  is  a plot  of  the  estimated  diurnal  rate  of  overdense  meteor  echoes,  as  extrapolated  from  Figure  13, 
that  could  be  detected  In  the  Une-of-slght  by  both  direct  reflections  and  by  F-layer  reflections,  the  average  rates  being 
9.4  meteors/mln  and  1.4  meteors/mln,  respectively  and  the  average  total  Une-of-slght  rate  being  10.8  meteors/mln. 
In  addition  to  diurnal  variations,  the  meteor  rate  will  be  modified  by  seasonal  effects  and  meteor  showers  which  are 
not  considered  in  this  analysis.  The  presence  of  meteor  showers  could  increase  the  overdense  meteor  rate,  depicted 
in  Figure  15,  by  a factor  of  approximately  5 to  10. 

It  should  be  noted  that,  for  skip  distances  greater  than  approximately  1052.6  km  (568  nmi),  the  elevation 
angle  defining  the  F-layer  propagation  mode  for  an  assumed  350-km  F-layer  reflection  altitude  would  be  less  than 
30*32'.  Thus,  for  this  case,  F-layer  reflected  meteor  echoes  would  not  be  present  In  the  range  Interval  of  the  Une- 
of-slght  meteor  echoes. 
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According  to  Manning  and  Eshleman  (1959),  the  average  meteor  flux  incident  on  the  earth's  atmosphere,  cor- 
responding to  line  densities  equal  to  and  greater  than  I014  electrons/meter  is  1. 6 x 10*  *z  m*z  sec*1.  Thus,  the 
average  overdense  meteor  rate  observed  in  the  direct  Une-of-slght  and  by  F-layer  reflections  should  be  on  the  order 
of  185. 3 meteors/mln  and  27. 9 meteors/min,  respectively.  It  is  evident  that  these  values  are  about  a factor  of  20 
times  greater  than  the  estimates  obtained  using  the  Greenhow  and  Watkins  data.  The  discrepancy  in  the  results  can 
most  likely  be  attributed  to  the  fact  that  Manning's  and  Eshleman's  data  do  not  take  into  account  aspect  sensitivity 
effects. 


The  incremental  meteor  rate  as  deduced  from  Greenhow's  and  Watkins'  measurements  are  shown  in  Figures 
16  and  17.  It  is  interesting  to  note  that,  for  the  direct  line-of-slght  case,  an  insignificant  amount  of  overdense  meteor 
echoes  should  be  detected  at  elevation  angles  greater  than  about  20*  and  that  the  number  of  echoes  originating  from 
F-layer  reflections  should  be  on  the  same  order  of  magnitude  as  the  total  number  detected  above  10*  elevation  angle 
in  the  direct  line-of-slght. 

In  addition  to  the  line-of-slght  echoes,  meteor  returns  will  also  appear  at  over-the-horizon  ranges  by  means 
of  F-layer  reflections  which,  according  to  Figure  14,  are  specified  by  the  condition  R < Rj  + Ro.  It  can  be  shown  by 
spherical  geometry  that  the  surface  area  at  95  km  altitude  is  1.334  x 107  kmz  for  elevation  angle  coverage  between  0* 
and  30*32'  and  180*  azimuthal  coverage.  This  value  is  approximately  31.76  times  greater  than  the  area  estimated  to 
be  under  illumination  in  the  meteor  band  by  Greenhow's  and  Watkins'  equipment.  It  follows  that  the  over-the-horizon 
meteor  rate  will  be  about  six  times  greater  than  the  total  line-of-slght  rate,  1.  e. , the  sum  of  the  direct  and  F-layer 
reflection  line-of-slght  rate.  It  is  reiterated  that  this  conclusion  is  based  on  the  following  assumptions:  (1)  350-km 
F-layer  reflection  height,  (2)  926.  6 km  (500  nautical  miles)  skip  distance,  and  (3)  95-km  meteor  altitude. 

The  estimated  rate  of  overdense  meteor  echoes  detected  at  over-the-horizon  ranges  is  presented  in  Figure  18 
as  a function  of  elevation  angle  increments. 

5.  CONCLUSIONS 


Based  on  the  observational  data  recorded  by  Greenhow  and  Watkins  at  32  MHz,  the  median  cross  sectional 
area  of  overdense  meteors,  at  6 and  40  MHz,  could  be  on  the  order  of  1. 35  x lo7  and  2. 02  x 106  m2,  respectively. 

The  median  time  duration  at  the  lower  frequency  could  be  as  high  as  24.2  sec  while,  at  the  higher  frequency,  it  de- 
creases to  about  0. 5 sec.  The  extrapolated  cross  sectional  areas  and  time  durations  compare  favorably  with  theo- 
retical estimates. 

It  is  estimated  that,  for  an  HF  backscatter  radar,  the  maximum  number  or  random  overdense  meteors  ap- 
pearing in  the  line-of-sight  could  be  on  the  order  of  21  meteors/min.  At  over-the-horizon  ranges,  the  maximum 
overdense  meteor  rate  that  could  be  detected  could  increase  to  about  126  meteors/min. 

It  is  postulated  from  Ionospheric  wind  measurements  that,  at  6 MHz,  the  Doppler  frequency  shift  encountered 
on  reflection  from  a meteor  trail  could  be  between  2.5  and  4.  0 Hz  for  propagation  along  the  horizon  and  decreases  to 
zero  Hz  at  the  zenith. 

The  estimated  characteristics  of  the  cross  sectional  area,  time  duration  and  rate  of  overdense  meteor  echoes, 
as  described  in  this  report,  are  based  on  one  set  of  observational  data  recorded  by  Greenhow  and  Watkins  (1964).  It 
would  be  advantageous  to  validate  these  predictions  with  additional  experimental  data. 
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Figure  13.  Rate  of  32-MHz  Echoes  with  Time  Durations  Greater  than 
One  Second  (After  Greenhow  and  Watkins,  1964) 
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Figure  14.  F-Layer  Reflection  Meteor  Echo  Geometry 
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Figure  15.  Estimated  Rate  of  Overdense  Meteor  Cohoes  in  l.lne-of-8lght  at  HF  Hand 
Rased  on  Oreenhow’s  and  Watkins'  Data  (1964)  at  32  Mila 


Figure  16.  Estimated  Incremental  Rate  of  Overdenae  Meteor  Cohoes  In  l.tne-of-Slght  at  the 
HF  Band  Rased  on  (Ireenhow's  and  W'atklna'  Data  (1964)  at  32  MHs 
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Meteor  burst  propagation  provides  an  intriguing  medium  (or 
over-the-hor tson  intermittent  commun icationa  at  VHP.  but  is 
characterised  by  several  undesirable  properties  that  have 
severely  limited,  thus  far,  its  application  to  links  of 
practical  relevance.  In  fact,  this  channel,  in  addition  to 
being  Intermittent,  is  also  charscter ised  by  time-variable 
multipath  spread  and  doppler  spread.  Typically,  in  VHP 
links  100  to  1500  km  long  the  gain  decreases  by  about  10  dB 
after  a few  seconds  from  trail  formation,  the  value  of  the 
multipath  spread  raises  to  a few  microseconds,  while  doppler 
spread  is  at  moat  a few  herts.  Analog  techniques  did  not 
prove  fully  suitable  in  the  past  for  coping  with  this  type 
of  channel,  and  very  few  applications  of  meteor  burst  links 
are  known  to  have  reached  practical  implementation  and  oper- 
ational use.  Digital  techniques,  however,  offer  greater 
promise,  especially  is  used  in  connection  with  instantaneous 
channel  probing  and  with  the  adaptive  adjustment  of  the  data 
rate  to  the  channel  bandwidth.  It  can  be  shown  that  hourly 
average  data  rates  of  20  kilobita/aec  are  thus  reliably 
achievable.  Basic  to  the  design  of  an  adaptive  system  is 
the  knowledge  of  the  channel's  time  spread  and  frequency 
spread.  The  paper  reviews  what  is  known  of  these  channel 
properties . 


1.  IKIBaBWTIW 

It  is  well  known  that  the  long  electron  trail  produced  at  heights  between  80  and 
100  km  by  a meteoroid  that  enters  the  earth's  upper  atmosphere  can  be  used  as  a high- 
altitude  reflecting  medium  for  burst-type  commun icattons  beyond  line  of  sight  at  VHF 
[McKinley,  1961],  In  the  past  two  decades,  several  communication  systems,  such  as 
JANET  and  METEORFAX.  have  been  actually  constructed  based  on  this  principle.  One  of 
the  reasons  that  has  thus  far  prevented  a widespread  use  in  communications  of  the 
meteor  burst  channel  is  that  this  propagation  path,  in  addition  to  being  intermittent, 
is  characterised  by  time-variable  gain  and  by  time-dependent  multipath  spread  and 
doppler  spread.  From  performing  as  an  almost  perfect  rectilinear  reflector  at  the 
initial  instant  of  ita  formation,  tha  trail  in  a fraction  of  a second  (or  at  most  in  a 
few  seconds)  degenerates  into  a medium  characterised  by  low  gain  and  by  a substantial 
time  and  frequency  spread.  This  is  due  in  part  to  the  growth  of  the  trail  radius  be- 
cause of  electron  diffusion  and  in  part  to  tha  warping  of  the  trail  into  a distorted 
shape,  caused  by  wind  shear  and  turbulence.  Because  instances  of  renewed  attention  to 
meteor  burst  communications  for  special  applications  such  as  hydromet  networks  and 
blackout-free  polar  communications  have  been  numerous  in  the  recent  past,  it  is  of 
interest  to  review  the  subject.  Nowadays  in  fact,  due  to  the  recent  progress  in  digi- 
tal communication  techniques,  it  appears  feasible  to  cope  with  the  undesirable  charac- 
teristics of  this  channel  by  implementing  an  adaptive  scheme  [Ahmad  at  al,  1972 i 
Bokhari  at  al,  19753  that  probes  the  ch.innel  in  order  to  determine  its  instantaneous 
properties,  processes  this  information  to  decide  what  is  the  highest  usable  data  rate, 
and  provides  temporary  storage  of  the  Information  between  long-lived,  low  data  rate 
circuits  and  the  short-lived,  Intermittent,  broadband  propagation  path. 

In  order  to  achieve  this  goal,  it  is  necessary  to  know  in  detail  the  time  and 
frequency  spread  of  this  propagstion  path;  in  the  following  sections  we  review  what  we 
know  of  these  quantities. 


I 


I 


The  tin*  variability  of  tha  path  gain  and  of  tha  multipath  atructura  vara  investi- 
gated, baaad  on  existing  axparlmantal  data  and  on  avallabla  analytical  formulat Iona . 
NcKlnlay  [196ll  and  tha  ravlaw  papar  by  Sugar  [1964]  lncludaa  an  analyals  of  tha  time 
dapandanca  of  tha  qaln.  vhlla  tha  racant  corraapondanca  by  Akram  at  al  [1977] 
llluatrataa  an  analytical  formulation  for  tha  path  lmpulaa  response  and  for  lta  vari- 
ability with  tima.  Tha  t lma  dapandanca  of  tha  path'a  dopplar  apraad  waa  investigated 
baaad  on  axpariawntal  data.  Latar  on  in  tha  papar  wa  apply  tha  notiona  acquirad  on  tha 
tima  variability  of  gain,  of  multipath  atructura  and  of  dopplar  apraad  to  tha  evalua- 
tion of  tha  data  rata  and  error  rata  that  character iaaa  a channel  that  uaea  tha  above 
path. 


The  papar  formulatea  elementary  conaidaratlona  on  thaae  channel  quantitlaa. 
atatiatical  analyaia  waa  performed  aa  to  tha  probability  distribution  of  tha  tima 
dependence  of  gain,  multipath  apraad.  and  dopplar  apraad. 


Me  apecialiae  our  diacusaion  to  long  wavelength  reflectiona  from  undardenaa  meteor 
traila.  tha  moat  comnon  caaa.  For  thia  caaa,  q < 1014  el/m.  We  alao  neglect  for 
simplicity  tha  typical  diffraction  pattern  visible  aa  a minor  fluctuation  of  tha  meteor 
echo  amplitude  after  tha  meteoroid  has  crossed  tha  first  Fresnel  tone  and  continues  in 
its  path,  thus  creating  new  sections  in  tha  ionised  trail  that  produce  alternately 
favorable  and  unfavorable  intarfaranca. 


Under  these  assumptions  [McKinley,  1961;  Sugar 
of  tha  trail  in  forward  scattering  1st 


tha  equivalent  echoing  area 


(o  q sin  V)  x (half  of  first  Fresnel  sona) 


where 


m (electron  scattering  cross-section) 


affective  line  density  of  tha  trail  (el/m) 


wavelength,  m 


(half  of  first  Fresnel  sona) 


where 


Distance  from  Transmitter  to  Trail 


Distance  from  Trail  to  Receiver 


1/2  Forward  Scatter  Angle 


P ■ Angle  between  Trail  and  Propagation  Plana 
Figure  9-1  in  McKinley  [1961 ] illustrates  tha  geometry  involved 


The  echoing  area  does  not  remain  constant  with  time,  because  the  electrons  in  the 
trail  diffuse,  with  consequent  increaae  of  the  trail's  radius.  Assuming  that  diffusion 
is  ambipolar.  the  echoing  area  o (equation  1)  must  be  multiplied  by  a term  that  de- 
scribes its  decrease  with  time.  This  term  1st 


ambipolar  diffusion  coefficient,  m /sec 


time  counted  from  Fresnel  length  formation,  sec 


initial  radius  of  trail,  m 


The  value  of  rg  may  be  related  to  the  height  h of  the  point  of  tangency  by  the 
empirical  formulat 

log,  „ r„  - 0.075  h - 7.9 
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where  h is  expressed  in  km  and  rQ  in  meters. 

The  value  of  the  ambipolar  diffusion  coefficient  D can  be  expressed  (in  the  height 
range  80  km  < h < 110  km)  by  the  formula: 

log D - 0.0679  h - 5.663 

2 

where  D is  in  m /sec  and  h is  in  km.  A numerical  example  (based  on  Equation  3)  is 

worked  out  in  Figure  1,  with  the  following  assumptions: 

X « 7.5  m (f  ■ 40  MHz) 

* - 80° 


h - 90  km 


By  following  a ray  tracing  treatment  of  e.m.  reflections  from  a single  meteor 
trail  developed  by  Manning  [1959],  Akram  et  al  [1977]  traced,  for  an  assumed  trail 
orientation,  the  ray  paths  that  connect  the  transmitting  with  the  receiving  terminal. 
Until  about  0.5  sec  (or  at  most  a few  seconds)  from  trail  generation,  the  trail  is 
still  rectilinear  and  it  can  be  said  (in  the  “macroscopic"  sense)  that  there  is  only 
one  path  between  the  two  terminals.  After  that,  wind  shear  and  turbulence  warp  the 
trail  into  distorted  shapes.  In  order  to  find  the  number  of  paths  now  active,  Akram  et 
al  [1977]  adopted  a "glint"  model  of  the  distorted  trail  [Manning,  1959J  and  special- 
ized their  analysis  to  a sinusoidal  trail  shape  that  provided  three  paths  between  the 
two  terminals. 


For  each  one  of  the  rays  that  were  traced,  Akram  et  al  [1977]  evaluated  the  broad- 
ening that  a 50-ns  sampling  pulse  is  expected  to  undergo  while  propagating  from  trans- 
mitter to  receiver.  This  was  done  by  using  the  method  developed  by  Elliott  [1957]  for 
dispersive  channels  after  an  algebraic  error  which  Elliott  had  incurred  had  been 
corrected  [Knop  and  Cohn,  1963],  In  their  analysis  Akram  et  al  [1977]  chose  a 50-ns 
pulsewidth  to  approximate  a delta  function  for  the  determination  of  the  path's  impulse 
response.  The  response  of  a single  path  to  a 50-ns  pulse  was  calculated  and  is  given 
in  Figure  2. 


However,  about  0.5  seconds  (or  at  most  a few  seconds)  after  the  formation  of  a 
trail,  wind  shear  distorts  the  trail  shape  and  gives  rise  to  more  than  one  path 
(“macroscopic"  multipath  structure)  connecting  receiver  and  transmitter,  as  a result  of 
the  appearance  of  additional  reflecting  points  on  the  trail  (glint  theory) . 

Each  one  of  the  paths  connecting  transmitter  and  receiver  is  characterized  by  a 
particular  group  delay  and  the  time  difference  between  the  first  and  last  arriving  path 
is  the  multipath  spread.  For  each  one  of  the  paths  the  waveform  broadening  of  Figure  2 
still  applies.  In  computing  the  multipath  structure,  Akram  et  al  [1977]  assumed  again 
that  the  trail  before  distortion  is  horizontal  and  perpendicular  to  the  vertical  propa- 
gation plane  and  that  after  distortion  the  various  trail  portions  (now  no  longer  hori- 
zontal) that  provide  paths  between  transmitter  and  receiver  are  still  perpendicular  to 
the  propagation  plane,  but  this  now  is  no  longer  a vertical  one.  Each  trail's 
"reflecting”  segment  is  tangent  to  a prolate  spheroid  that  has  the  transmitter  and 
receiver  as  focii  and  that  is  characterized  by  a certain  group  delay  in  the  path 
transmitter- re flection  point-receiver. 

In  order  to  establish  the  number  of  the  paths  that  reach  the  receiver  and  to 
compute  the  group  delay  that  characterizes  each  one  of  them,  Akram  et  al  [1977]  adopted 
for  the  trail's  shape,  after  distortion  by  the  wind,  the  sinusoidal  model  of  Manning 
[1959],  consisting  of  a sinusoid  on  a height  slope.  By  making  the  following  assump- 
tions: 


tan  6 • 0.03 


(t*  is  t he  slope  with  respect  to  the  horizontal  plana  of  tha 
distorted  trail) 

V - 30  m/a  (maximum  wind  velocity) 

1 ■ 2.9  Km  (apatial  wavelength  of  tha  ahaar  profile  of  the  wind) 

(tha  aymbola  above  are  the  ones  used  by  Manning  [1959]),  it  was  determined  that  with 
this  model  the  number  of  paths  is  three  and  that  the  paths  are  characterised  by  a rela- 
tive time  delay  of  710  na  (between  the  first  and  second  arriving  paths)  and  940  ns 
(between  the  second  and  third  arrivinq  paths).  Figure  3 illustrates  the  structure  that 
waa  computed. 

Concerning  the  time  variability  of  the  multipath  spread.  Figure  4 ta  indicative  ot 
a typical  dependence.  The  irapb  waa  constructed  combining  experimental  data  collected 
by  Carpenter  and  Ochs  [1962]  with  other  radio  observations  of  meteor  echoes  available 
to  the  authors. 

■».  BqpPUKR  SPM5AP  lb  HBTWR  MWF'LJM»E1I£  USE. -VAMABtULD' 

Still  following  the  criterion  adopted  in  the  previous  sections,  we  limit  our  con- 
siderations to  the  portion  of  the  meteor  echo  (the  so-called  •'body")  that  excludes  the 
initial  segment  where  the  Fresnel  pattern  is  contained. 

Physically,  doppler  spread  is  due  to  the  fact  that  the  various  reflecting  port  ions 
of  the  trail  active  in  a given  echo  produce  different  "body"  dopplei  shifts  because 
they  are  characterised  by  slightly  different  relative  velocities  with  respect  to  the 
transmitter/ receiver  pair. 

Sources  of  doppler  spread  information  for  meteor  echoes  are  rather  scant.  One  is 
the  recording  of  wind-induced  doppler  performed  by  phase-coherent  radars  (monostatic 
and  bistatic)  that  observe  winds  at  meteor  trail  height  [drossi  et  al,  1972 j.  a 
Fourier  transform  of  these  doppler  frequency  versus  time  records  makes  it  possible  to 
obtain  directly  the  desired  quantity  (it  is  the  width  in  the  frequency  domain  of  the 
doppler  spectrum) . 

Another  source  of  information  is  the  recording  of  meteor  echoes  amplitude  versus 
time  obtained  with  meteor  radars  [McKinley.  1961  ].  How  these  amplitude  records  are  of 
use  can  be  seen  through  the  following  argument.  bet's  assume  that  the  transmitted  fre- 
quency is  a sine  wave  of  frequency  f q and  that  the  received  signal,  because  of  the 
doppler  spread  phenomenon,  is  a sum  of  sine  waves  that  occupy  a band  large  B Hz  (our 
unknown)  around  the  doppler-shifted  frequency  fj.  Kennedy  and  bebow  [1964]  show  that 
this  received  signal  has  a randomly  varying  amplitude  and  phase.  The  amplitude  peaks 
correspond  to  times  at  which  the  signals  received  from  different  segments  of  the  trail 
tend  to  reinforce,  and  the  troughs  to  periods  during  which  cancellation  or  fading 
occurs,  the  average  duration  of  a reinforcement  or  a fade  being  approximately  1/B. 

As  pointed  out  by  Bello  [1965],  Ehrman  and  Esposito  [1968],  Bello  and  Esposito 
[ 1970] , the  desired  quantity  B (the  doppler  spread)  can  be  obtained  from  the  amplitude 
data  with  the  formula! 

B ’ v Va'V^t  (4) 

» < e > 

where  e(t)  is  the  detected  signal  envelope,  the  dot  indicates  a time  derivative,  and 
the  brackets  indicate  a time  average. 

Uaing  Equation  (4),  a preliminary  estimate  of  the  doppler  spread  was  obtained  from 
records  of  VHF  meteor  radar  echo  amplitudes!  it  is  typically  ^ 1 Hz,  with  minimum 
values  of  1/10  to  1/100  Hz  and  maximum  values  of  a few  Hz  in  the  life  span  of  the 
trail's  "body". 

Considerable  measurement  activity  must  be  carried  out  before  a reliable  dependence 
of  doppler  spread  versus  time  can  be  established. 

5-  5ST1M&TIQB- Qr_DATA  RATES  AHB  ERROR  PROBABILITY  IN  MBTBQR  BVRST  rROfAQATION 
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As  we  have  seen  in  the  previous  sections,  the  meteor  burst  communication  channel 
is  characterized  by  three  time-variable  parameters!  gain,  multipath  spread  and  doppler 
spread.  We  compute  in  this  section  the  data  rate  and  error  rate  that  would  character- 
ize such  a channel  if  gain,  multipath  spread  and  doppler  spread  would  be  fixed  and 
would  acquire  values  typical  of  a meteor  trail  after  5 seconds  from  trail  formation. 
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The  adaptivity  scheme  propos'd  by  Ahmad  et  al  [1972]  could  be  used  to  adjust  the 
data  rate  to  the  instantaneous  values  of  the  channel  parameters. 

To  calculate  the  data  rates  and  error  probability  in  the  meteor  channel,  the 
formulation  of  Kennedy  and  Lebow  [1964],  Lebow  et  al  [1964],  and  Kennedy  [1969]  can  be 
used.  According  to  this  formulation,  dispersion  in  both  time  and  frequency  domains  is 
sufficient  to  characterize  a dispersive  channel  of  known  gain.  In  dispersive  channels, 
a transmitted  signal  of  length  T and  bandwidth  W is  received  as  a signal  of  lengt'i 
T ♦ L and  bandwidth  W ♦ f where  L is  the  dispersion  in  time  and  B is  the  dispersion  in 
frequency.  If  we  focus  our  attention  on  any  particular  narrow- frequency  range,  its 
envelope  will  fade  at  an  average  rate  of  B.  Portions  of  the  transmitted  spectrum 

within  1/L  Hz  of  each  other  tend  to  fade  coherently  at  a given  time.  These  fading 

properties  are  represented  pictorially  in  Figure  6 of  Kennedy  and  Lebow  [1964],  In 
that  figure,  the  abscissa  represents  time  and  it  is  divided  into  increments  of  width 
1/L  Hz.  Each  rectangle  in  the  grid  system  has  an  area  of  1/BL.  According  to  the  model 
each  rectangle  represents  a piece  of  transmitted  signal  with  approximately  constant 
fading  properties.  A transmitted  pulse  of  width  T and  bandwidth  w » 1/T  is  represented 
by  a rectangle  of  length  T along  the  time  axis  and  length  W - 1/T  along  the  frequency 
axis.  In  part  (a)  of  the  figure  mentioned  previously,  T » 1/2B  and  W **  1/T  « 1/2L,  so 

that  the  entire  signal  rectangle  is  contained  within  one  grid  rectangle  and  hence  tends 

to  fade  coherently.  This  is  described  by  saying  that  the  signal  has  one  diversity 
element  (diversity  Z ■ 1) . In  part  (b)  of  the  same  figure  a second  example  is  given 
with  the  signal  rectangle  having  a time  dimension  1/20  of  the  time  unit  (that  is  1/B) 
and  a frequency  dimension  five  times  the  frequency  unit  (that  is  1/L).  Therefore  the 
signal  has  diversity  Z « 5. 


The  simplifying  assumptions  that  any  part  of  a signal  within  a grid  rectangle 
fades  coherently  and  portions  within  different  rectangles  fade  independently  leads  one 
to  regard  the  signal  as  the  sum  of  the  five  independently  fading  components.  This  is 
why  we  say  that  the  signal  has  a diversity  five:  in  fact  the  term  diversity  Z is 
identified  with  the  number  of  independently  fading  components  contained  in  the  trans- 
mitted signal.  The  greater  the  diversity  of  a signal,  the  more  independent  samples  of 
fading  process  are  observed  when  the  signal  is  received.  Thus,  the  fluctuations  in  the 
received  signal  energy  become  leas  pronounced  as  the  signal  diversity  is  increased. 


By  using  the  above  definition  for  the  diversity  Z,  we  can  formulate  an  estimate  of 
the  data  rate  and  error  probability  that  are  possible  over  a dispersive  channel  for  a 
binary  modulation  scheme.  In  this  signalling  scheme,  a pulse  of  carrier  frequency  fj 
is  used  for  '1'  and  a pulse  of  frequency  f0  is  used  for  a zero.  The  two  frequencies 
have  to  be  separated  by  at  least  W + B to  prevent  overlap  of  the  received  signal 
spectra.  The  probability  of  error,  Pe,  depends  upon  both  the  ratio  E/No  (where  E is 
the  received  signal  energy  and  No  is  the  receiver  noise  power  per  cycle  of  the  band- 
width) and  the  diversity  Z. 


Kennedy  and  Lebow  [1964]  plotted  in  their  figure  10  the  probability  of  errors  as  a 
function  of  Er/No  and  as  a function  A(y).  where  y « 2/(E„/No).  The  function  A(y)  is 
the  efficiency  function.  The  probability  of  error  can  be  approximated  by  the  following 
expression: 

Pe  * 0.2  exp  [-  i (Em(NQ)  A (y)  ] (5) 


Thus,  to  obtain  the  best  performance  we  should  maximize  A(y).  In  their  figure  11, 
Kennedy  and  Lebow  [1964]  plotted  A(y)  as  a function  of  y.  The  function  A(y)  has  a 
fairly  broad  maximum  centered  at  about  y « 0.35,  with  a maximum  value  A (0.35)  - 0.3. 
Thus , 


1 

y 


Em/N0 


3 


(6) 


Thus  for  the  best  performance,  the  E/Nq  per  diversity  element  should  be  3.  For  this 
value  of  y,  the  error  of  probability  is  given  by 


0.2 


-0.15  E /N 
m 0 

a 


(7) 


On  the  basis  illustrated  above,  we  can  now  evaluate  the  data  rates  obtainable  with 
a binary  meteor  burst  communication  link. 


We  make  the  following  assumptions  for  the  link: 
(a)  Meteor  height  “ 90  km 

Terminal-to-terminal  distance  « 1000  km 


7.5  m (frequency  ■ 40  Mis) 


Galactic  noia*  density  at  40  Wiz  ia  15  dB  higher  than  k Tg.  where  Tg  “ 300°K.  and 
k “ Boltzman'a  constant  « 1 . 38  x 10"^^  joules/' K.  Therefore  the  equivalent  noise 
input  temperature  of  the  receiver  is  9.65  x 10 5 K. 


We  aim  at  an  error  rate  in  data  transmission  that  is  £ 10 


Since  qain.  multipath  spread  and  doppler  spread  are  all  time-variant,  the  signal 
deuign  must  be  performed  in  such  a way  as  to  provide  an  error  rate  smaller  than  the 
specified  10~3)  for  the  whole  duration  of  the  propagation  path.  Let's  see  first 
what  data  rate  is  achievable  at  a time  close  to  the  trail's  formation  (sav  0.2  second 
after  it).  Multipath  s[ read  is  L * 0.35  psec  (see  Figure  4),  channel  gain  has  not  yet 
begun  to  decrease  (see  Figure  1).  doppler  spread  can  be  assumed  to  be  B » 1 Hz.  In 
order  to  achieve  an  error  probability  £ 10-^  (say  2 x 10”*) , we  must  have  (from  figure 
10  in  Kennedy  and  Lebow,  1964) 


where  E,,  ia  the  total  energy  received  per  "mark"  or  "space'*  (made  by  n chips)  and  Nq  ia 
the  receiver  noise  density.  The  best  value  of  A(y)  (see  figure  11  of  Ke-inedy  and  Lebow 
1964)  is  0.3  and 


To  achieve  this  (see  same  figure  11  of  the  cited  paper)  we  must  have 


and  therefore  we  need 


or  14  diversity  elements  are  required 


In  a 4 Mix  system,  with  a 0.25  psec  pulsewidth  (W  - 1)  we  havei 


We  need  there 


and  therefore  the  equation  Z ■ LW  applies  and  we  have  Z 
fore  n - 10  chips  per  "mark"  or  “space". 


The  achievable  data  rate  R in  a binary  system  can  be  computed  as  follows: 


7-7 


I 

L 


where 


PR  " 27.20  x 10  13  watts 

N0  - KT0  - 1.38  x lo'23  X 9.65  x 103 

E /N„  - 43. 33 

m 0 


Tharafora, 


R 


27, 2g  a |o~l3/.i,i?  x 

43.  33 


1.33  x 10 


-19 


■ 105  x ~2i)j3  • 4.6  x 10^  - 460  kilobita/aec 

Lot ‘a  aea  now  what  data  rata  va  achievable  naar  tha  end  of  the  trail  lifetime  (aay  5 
aaconda  after  formation).  Multipath  apread  in  now  L “ 4.5  paec  (aea  Figure  4),  channel 
gain  haa  decreased  by  10  dB.  doppler  apread  can  be  assumed  to  atay  B • 1 He.  In  order 
to  achieve  the  name  error  probability  aa  before,  wo  muat  atill  have 


43.  33 

1 

3 


Z • n - 14 


Now.  however i 

LN  - 4.5  X 4 « 18 


while 

BT  ■ ^ X 10-t>  « 1 

Equation  Z ■ LW  atill  appliaa,  but  we  now  have  Z " 18  par  chip.  Therefore  we  need 
only  n ~ 1 chip  per  “mark"  or  “apace". 


For  the  achievable  data  rata,  we  now  haver 

» - 

Vo 


where 


27.20  x 10  14  watta 
19 


N„  - 1. 33  x 10 


/ - 43.33 

N0 

and  therefore  R ■ 46  kilobita/aec. 


Figure  5 ahowa  the  inatantaneoua  data  rate  affordable  through  the  link,  and  its 
time  dependence  during  tha  lifetime  of  the  meteor  trail.  Based  on  Figure  5,  we  have 
computed  the  average  value  of  the  data  rate  during  the  trail  lifetime  by  integrating 
the  curve  in  the  time  domain  between  0.2  seconds  and  5 aeconda.  we  have  found  for  this 
average  the  value  of  300  kilobita/aec.  By  assuming  that  meteor  traila  are  available 
for  4 minutes  every  hour,  the  hourly  average  data  rate  ia  ~ 20  kilobita/aec. 

6.  CONCLUSIONS 

By  revisiting  the  meteor  burst  communication  channel,  one  again  finds  this  medium 
far  from  ideal,  from  the  standpoint  of  the  communications  ayatem  engineer.  However, 
with  digital  electronics  techniques  that  have  recently  become  available,  there  are  now 


means  of  coping  with  the  problems  involved  in  this  channel,  such  as  the  time  variable 
qain,  multipath  spread  and  doppler  spread. 

Basically,  the  approach  that  is  potentially  capable  of  solving  the  problem  is  the 
real-time  probing  of  the  medium  with  a waveform  capable  of  instantaneously  measuring 
gain  (a  20  dB  variability  during  the  lifetime  of  the  trail  is  typical),  multipath 
spread  (the  most  important  quantity,  with  a variability  approximately  from  0.1  micro- 
second to  10  microseconds)  and  doppler  spread  (the  least  important  parameter,  with  a 
variability  from  approximately  0.1  Hz  to  a few  Hz). 
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SUMMARY 


Results  from  a series  of  ground  and  airborne  experiments  are  presented  which 
describe  spatial  and  teaiporal  characteristics  of  equatorial  F-region  irregularities  and 
the  effect  of  these  irregularities  on  t rans - ionospheri c radio  propagation.  The  experi- 
ments Included  UHF  amplitude  scintillation  measurements  from  the  NIDFRAND,  MARI  SAT  and 
LF.S-9  satellites,  and  simultaneous  ionospheric  measurements  from  the  AFGL  Airborne 
Ionospheric  Observatory  and  the  Jicamarca  Radar  Observatory  in  Peru.  The  results  Indi- 
cate a highly  localized  generation  of  the  irregularities  such  that  Individual  patches 
consist  of  dense  irregularities  of  the  order  of  10-1001  of  the  ambient  electron  density. 
The  extent  of  each  patch  is  of  the  order  of  S0-400  km  East-Nes'  and  at  times  greater 
than  1200  km  in  the  North-South  direction.  Nlthln  these  regions  small  scale  irregu- 
larities from  several  kilometers  to  as  small  as  J meters  often  exist.  Once  the  patches 
are  generated  they  move  predominantly  eastward  with  initial  velocities  of  S0-1S0  meters 
per  second.  Aircraft  measurements  decrease  the  fading  rate  by  flying  in  the  direction 
of  the  ionospheric  drift  pattern  and  increase  the  rate  by  flying  in  the  opposite 
direction.  Ground  and  airborne  signal  statistics,  primarily  frequency  spectra,  are 
discussed. 

1.  INTRODUCTION  • 

F layer  Irregularities,  generated  primarily  at  night,  present  a problem  to  many 
forms  of  tr ans - i onospher ic  radio  propagation.  Satellite  communication  systems  have 
recorded  fading  effects  at  frequencies  to  6 Gilt  (with  peak  to  peak  values  of  a few  dRl; 
fading  of  over  20  dB  was  noted  recently  at  1200  MHz,  in  the  band  used  by  MAR  I S AT( Fremouw 
et  al.,  1977).  A high  occurrence  of  fading  greater  than  20  dR  peak  to  peak  has  been 
noted  at  2S0  Milt,  in  the  band  of  frequencies  used  by  FLEETSATCOM  and  AFSATCOM. 

Navigation  systems  such  as  GPS  operating  in  the  1200  to  I SOD  Milt  band  are  affected 
by  scintillations,  since  low  signal  margins  of  some  users  may  prevent  acquisition  of  and 
locking  onto  the  signal.  Phase  scintillations  may  also  have  degrading  impact,  since 
phase  coherence  across  the  band  is  required. 

The  capability  of  radars  operating  near  the  geomagnetic  equator  (t20*l  at  fre- 
quencies from  ISO  Milt  to  1 500  Mill  to  determine  target  signatures  will  deteriorate  when 
fading  of  the  return  signal  occurs.  In  addition,  the  scintillation  phenomena  must  be 
evaluated  in  systems  analysis  in  the  case  of  large  aperture  antenna  systems  which  might 
suffer  loss  of  coherence  across  an  aperture.  The  problem  of  coherence  time  for  some 
radars  is  of  Importance  since  the  fading  limits  the  amount  of  time  the  system  can 
integrate  on  a single  target. 

2.  THE  EQUATORIAL  SCINTILLATION  CAMPAIGNS  OF  OCTOBER  197ft  AND  MARCH  1977 

The  results  Illustrated  in  this  paper  were  gathered  during  two  periods  of  Intensive 
observations,  primarily  in  Peru  (October  16-50,  197ft  and  March  16-50,  19771.  Data  were 
obtained  from  the  following  experimental  setups. 

(a)  The  SO  MHz  backscatter  radar  of  Jicamarca  (Institute  Geofisico  del  Peru  and 
University  of  Texas). 

(b)  Two  ground  observatories,  Ancon  and  lltiancayo,  In  Peru,  recording  amplitude 
fading  of  the  following  synchronous  satellites:  LES-R  and  t.ES-9  (249  MHz),  GOES  and 
ATS  - 5 (156  MHz),  MAR  I SAT  (2S7  and  1541  MHz)  (Instituto  Geofisico  del  Peru  and  Air  Force 
Geophysics  Laboratory). 

(c)  WIDEBAND  satellite.  SRI  made  observations  of  phase  and  amplitude  fluctuations 
at  Ancon  in  March  1977;  ATGI.  made  amplitude  measurements  at  157  MHz  and  401  MHz  at 
Huancayo  for  both  periods;  the  AFGL  aircraft  made  amplitude  measurements  at  15ft  MHz  and 
578  MHz  during  the  March  1977  campaign. 

(d)  Aircraft  observations  of  LES-R  and  9 were  made  by  the  AFGL  and  by  the  AFAL 
aircraft. 

(e)  All-sky  imaging  photometer  measurements  from  the  AFGL  eivcraft  were  made  of  the 
6500  A and  SS77  A emission  during  the  March  1977  series. 

The  aim  of  this  paper  is  to  address  one  of  the  results  of  the  campaigns,  i.e.,  the 
development  and  maintenance  of  the  large  scale  patches  of  l r regu 1 ar i t l es  (several  hundred 
kilometers  BW  and  many  times  that  NS).  These  patches  are  composed  of  small  scale 
irregularities  from  less  than  5 meters  to  one  kilometer  which  produce  both  50  Milt  back- 
scatter  and  VHF  to  microwave  scintillation. 


the  scattering  phenomena  in  the  equatorial  region 


3. 


Using  the  described  multi-probe  attack  on  the  formation,  generation,  and  maintenance 
of  equatorial  irregularities,  a physical  description  of  these  phenomena  has  emerged. 

After  sunset,  for  reasons  still  under  study,  a localized  depletion  of  electron 
density  nay  form  in  the  lower  F layer  which  then  rises  and  moves  Into  the  middle  and 
upper  F layer.  This  upwelllng  results  in  "plumes"  on  VIIF  radar  maps  of  irregularity  in- 
tensity versus  height  and  time  (Noodman  and  La  Hot,  1976). 

Another  phenomenon,  observed  on  many  backseat  ter  records  and  not  necessarily  related 
to  the  plumes,  is  the  formation  of  a thin  layer  of  irregularities  of  moderate  intensity 
near  the  bottomside  of  the  F-region.  Scintillation  activity  associated  with  this  hack- 
scatter  is  of  the  order  of  S dB  on  UHF  records  at  249  MHz  whereas  VHF  records  at  136  MHz 
show  a sharp  onset  of  scintillation  with  rapid  and  deep  fading  when  the  bottomside  ir- 
regularities appear.  The  apparent  difference  between  the  behavior  of  the  two  bands  is 
probably  due  to  the  frequency  dependence  of  scintillation. 

The  top  panel  of  Figure  1 shows  the  hackscatter  recording  of  the  Jicamarca  Radar  of 
October  16-17,  1976.  A plume  forms  at  1945  LT  from  a thin  layer  of  bottomside  ir- 
regularities, followed  at  2045  LT  by  a second  plume,  emerging  from  a much  wider  and  more 
disturbed  layer  of  irregularities.  The  two  lower  panels  show  scintillations  observed  on 
LES-9  signals  at  Ancon  and  Huancayo.  The  propagation  path  from  Ancon  to  LES-9  traverses 
the  disturbed  ionosphere  300  km  east  of  Jicamarca  and  that  from  Huancayo  to  LES-9  475  km 
east  of  Jicamarca.  The  time  history  of  the  formation  of  the  plume  over  Jicamarca  and  the 
onset  times  of  scintillations  at  Ancon  and  Huancayo  show  a clear  eastward  drift  of  an 
irregularity  region  of  well  defined  extent.  The  two  plumes  seen  in  the  backscatter 
record  result  in  one  extended  and  intense  scintillation  event,  suggesting  a rather  large 
extent  in  height  of  irregularities  responsible  for  the  scintillations.  The  onset  times 
of  the  events  yields  an  estimate  of  the  eastward  drift  speed  of  the  irregularity  patch 
as  s.  100  m ««c‘*  . 

On  another  day,  October  18-19,  the  eastward  drift  and  its  magnitude  were  also 
determined  by  a spaced  receiver  technique.  Using  an  antenna  spacing  of  366  m in  E-N 
direction,  cross -corre 1 at  ion  of  the  observed  fading  patterns  was  made  to  measure  the 
fluctuations  of  the  E-N  drift  speed  during  the  development  of  plumes  similar  to  those 
seen  in  Figure  1.  Rapid  fluctuations  of  the  drift  speed  and  drift  direction  (F.  to  N and 
N to  e)  were  observed  (see  Figure  2)  during  the  formation  of  the  first  ;-'ume. 

In  the  context  of  current  measurements  (McClure  et  al,  1977)  and  t^.-ories  of  equa- 
torial irregularity  formation  as  well  as  satellite  ln-situ  measurements,  fluctuations  in 
vertical  velocity  component  are  expected  in  the  initial  phase.  In  view  of  uur  satellite 
observations  being  made  at  an  elevation  angle  of  about  45*,  these  vertical  velocity  fluc- 
tuations are  possibly  related  to  the  rapid  fluctuations  in  our  E-N  drift  speed  measure- 
ments. However,  it  was  found  that  the  maximum  cross-correlation  coefficient  was  about 
0.2  during  the  initial  phase  on  October  18-19,  1976.  The  low  value  of  cross-correlation 
may  signify  the  evolution  of  irregularity  structures  and  thus  seriously  affect  the 
determination  of  actual  drift  speed.  Fluctuations  of  drift  speed  with  more  significant 
values  of  cross - corre 1 at  ion  coefficients  have  been  obtained  with  other  data  from  this 
series.  In  these  cases,  the  fluctuating  drift  speeds  observed  during  the  formation  of  a 
plume  can  be  confidently  associated  with  the  vertical  velocity  fluctuations  observed  in 
satellite  in-situ  measurements. 

Once  the  formation  of  the  patch  has  taken  place,  the  velocity  is  eastward,  the  auto- 
correlation Interval  ranges  from  0.4  to  1.7  seconds  and  the  cross  correlation  coefficient 
ranges  from  0.3  to  0.7.  The  velocity  in  the  later  stages  is  eastward  in  the  range  of 
ISO  meters  per  second  for  the  particular  example  given  in  Figure  2. 

The  picture  then  is  of  vertical  turbulence  taking  place  when  the  depletion  bubble 
rises;  once  the  initial  phase  is  completed  the  large  scale  patch  and  the  irregularities 
within  it  display  an  eastward  motion  with  a velocity  of  50  to  ISO  meters  per  second. 

The  spacing  used  during  the  October  1976  campaign  was  large  with  the  emphasis 
towards  yielding  information  on  space  diversity.  Since  the  diversity  gain  depends  upon 
the  correlation  between  two  samples,  a diversity  gain  can  be  obtained  with  low  corre- 
lation coefficients.  If  the  correlation  coefficient  is  less  than  0.6  the  diversity  gain 
is  8 dB  or  better  for  scintillation  conditions  characterized  by  Rayleigh  fading  (Schwartz 
et  al . , 1966)  . 

From  ln-situ  measurements  (McClure  et  al.,  1977)  it  appears  that  in  the  equatorial 
F region  ambient  electron  density  depletions  over  50  km  may  be  of  one  to  two  orders  of 
magnitude.  Small  scale  perturbations  within  these  depleted  bubbles  produce  scintillation 
effects.  From  a study  of  in-situ  irregularity  data,  irregularity  amplitudes  ranging 
from  10%  to  100%  are  found  to  occur  in  the  equatorial  region  (Basu  et  al.,  1976),  The 
electron  density  deviation  AN  (10%  of  the  ambient  in  one  case  cited)  responsible  for 
moderate  level  UHF  scintillations  appears  typically  of  the  order  of  6 * 10l*  m* * with  a 
thickness  of  200  km.  Stronger  electron  density  deviations  result  in  S-band  scintil- 
lation activity  (Basu  and  Basu,  1976). 

4.  THE  PLUME  AND  ITS  EASTNARD  MOTION 

A newly  developed  observational  technique  has  allowed  viewing  of  the  patches  and 
their  motion  through  optical  imaging  of  associated  alrglow  signatures.  The  structures 
typically  appear  as  dark  bands  within  the  ambient  airglow  emission  and  are  aligned  in 
the  N/S  direction.  The  dimensions  of  airglow  depletions  are  of  the  order  of  50-400  km 
E-N,  and  greater  than  1200  km  N-S.  Figure  3 shows  the  structure  and  eastward  drift 
(a.  90  m/sec)  of  a single  dark  band  or  depletion  throughout  the  night  of  March  16-17, 

1977.  These  structures  maintain  their  Integrity  over  a period  of  several  hours,  although 
they  change  in  form  and  intensity.  Figure  4 shows  an  all-sky  image  as  well  as  a 
schematic  ground  projection. 


Figure  1 with  data  from  October  16-17,  1976  showed  ground  observations  on  one  night 
with  the  formation  of  a patch  of  two  plumes  lasting  about  one  hour.  The  patch  moves 
eastward.  The  total  time  covered  from  these  observations  is  greater  than  5 hours  from 
the  first  onset  of  the  plume  at  dicamarca  to  the  decrease  of  scintillations  on  the  LFS-9 
path  from  Huancayo.  The  patch  may  stay  together  longer,  probably  changing  in  form  and 
intensity,  but  observations  could  not  cover  it. 

With  an  eastward  velocity,  the  aircraft,  which  flies  at  roughly  twice  the  velocity 
of  the  patches,  can  essentially  slow  down  and  stop  the  fading.  The  aircraft  can  fly  in 
the  direction  of  the  ionospheric  drift  and  against  it.  Recorded  samples  of  the  fading 
observed  on  the  aircraft  are  shown  in  Figure  S.  The  spectra  obtained  from  the  obser- 
vations are  shown  in  Figure  6. 

Fngineering  to  mitigate  the  scintillation  problem  will  utlliie  the  spectra  shown 
in  developing  methods  to  correct  for  fading. 

5.  DISCUSSION 

Typical  patch  three  dimensional  structures  as  seen  on  backscatter  records  are  shown 
in  Figure  7,  The  artist's  conception  of  the  three  dimensional  patch  with  activity 
depending  upon  the  stage  of  formation  or  dissolution  is  shown  with  typical  local  times. 

With  the  formation  of  a thin  layer  of  Irregularities  (A,  1950  local  time)  UHF  scin- 
tillation sturts  with  s.5  dR  peak  to  peak  values.  Fading  rates  (on  the  ground)  are  of 
the  order  of  10/mln.  During  the  formation  of  the  plume,  scintillations  show  greater 
depth  (v  20  dB  peak  to  peak).  Irregularity  thickness  and  radar  returns  become  stronger; 
fading  rates  exceed  10/min.  The  occurrence  of  microwave  scintillations  most  probably 
takes  place  during  this  time. 

After  formation.  Irregularity  structures  move  east  at  speeds  between  SO  and  ISO 
m sec'*.  Scintillations  observed  during  this  phase  are  still  strong.  At  a later  stage, 
irregularities  within  a specific  patch  begin  to  decrease  in  intensity,  resulting  in 
lower  scintillation  levels.  limited  observations  suggest  that  the  eastward  motion  of 
these  patches  slows  down  in  the  later  stage,  around  midnight. 

From  the  viewpoint  of  a single  station  observing  on  a path  to  a synchronous  satel- 
lite, the  scintillation  may  continue  at  a high  level  since  additional  plumes  may  con- 
tinue to  form  in  the  west  and  drift  into  the  ray  path. 

Previous  work  (Aarons,  1977)  shows  that  scintillations  have  a strong  seasonal 
dependence.  During  periods  of  high  probability  of  activity,  scintillations  occur  over 
many  hours.  One  example  is  shown  in  Figure  R where  scintillation  activity  was  noted  for 
over  four  hours. 

6.  CONCLUSIONS 

From  the  data  gathered  on  this  recent  series  of  tests  we  conclude  that  an  isolated 
irregularity  patch  may  stay  together  for  several  hours,  maintaining  its  integrity.  The 
physics  of  the  generating  mechanism  for  a patch  is  partially  understood  based  on  experi- 
mental and  theoretical  studies  (Woodman  and  La  Hoi,  1976;  Scannapieco  and  Ossakow,  1976; 
kellev  et  al,  1976;  McClure  et  al,  1977)  but  the  starting  conditions  for  the  observed 
patches  are  not  yet  completely  understood.  On  one  night  in  the  scintillation  season, 
several  hours  of  intense  scintillation  activity  may  be  experienced;  the  following  night 
might  show  none.  The  physics  limiting  the  patch  site  in  both  the  FW  and  the  NS 
directions  is  not  well  understood.  This  morphology  is  of  importance  if  the  prediction 
of  scintillation  activity  for  users  of  t rans  lonospher i c propagation  information  is  to  be 
attempted.  The  visibility  of  the  patches  on  the  all-sky  imaging  photometer  holds 
promise  for  prediction.  The  technique  is  limited  however  to  times  when  the  F layer  is 
below  275  km.  When  the  layer  rises  above  this  height  the  emission  decreases  so  that 
while  a low  altitude  layer  of  great  depletion  of  AN  might  show  black  areas  (of  low 
emission),  the  same  depletion  at  a higher  altitude  will  show  Insufficient  contrast  to 
be  discriminated  from  the  background  airglow.  The  technique  however  holds  great  promise 
for  the  development,  positioning,  and  siie  determination  of  the  irregularity  patches. 
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Development  of  Irregularity  patch  on  Oct.  17,  1976  at  Jlcaaarca.  Peru  and 
subsequent  effect  on  translonospheric  path  to  LES-9  as  observed  at  two 
stations  whose  paths  are  to  the  East  of  Jlcaaarca.  The  350  ka  inter- 
section of  Ancon  Is  300  ka  East  of  Jlcaaarca  with  the  Huancayo  path  17S  ki» 
east  of  that . 
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Signal  analysis  of  scintillation  observations  at  the  beginning  and  developed 
stages  of  an  irregularity  patch  on  Oct.  18-19,  1976. 
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Figure  3:  The  development  and  motion  of  a patch  as  seen  by  all-sky  red  line  obser 
vatior.s  (6300  a)  from  AFGL  aircraft;  black  patches  in  the  central  area 
depletions  of  ionization. 
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Patch  area  as  projected  on  a »ap  of  region  studied  in  the  March  equatorial 
campaign . 
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when  the  aircraft  flies  against  the  drift  (bottom) 
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Figure  6:  Spectra  of  the  scintillations  NE  (with  the  wind)  and  W (against  the  wind) 
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PULSE  DELAY  AND  PULSE  DISTORTION  BY  RANDOM 
SCATTERING  IN  THE  IONOSPHERE 


K.  C.  Yeh  and  C.  H.  Liu 
Department  of  Electrical  Engineering 
University  of  Illinois  at  Urbana-Champaign 
Urbana,  Illinois  61801 


SUMMARY 


The  dispersive  effects  of  the  ionosphere  on  propagating  electromagnetic  pulses 
are  well  known.  Because  of  the  frequency  dependence  of  the  refractive  index,  the  speed 
of  the  propagation  is  given  by  the  group  velocity  which  is  slower  than  the  free-space 
velocity  of  light.  The  dispersion  also  affects  the  pulse  shape  by  smearing  and  lengthen- 
ing it,  resulting  in  general  degradation  of  the  communication  signal.  However,  the 
ionosphere  has  often  been  found  to  be  permeated  with  random  irregularities  of  electron 
density.  Through  scattering  from  these  irregularities  additional  distortion  of  the 
signal  may  come  about.  The  purpose  of  this  paper  is  to  investigate  the  effects  of  the 
random  scattering  on  the  pulse  delay  and  the  pulse  width.  This  problem  is  mathemati- 
cally formulated  and  solved.  All  multiple  scattering  effects  are  taken  into  account 
except  the  backscattering . The  solutions  are  given  in  terms  of  many  parameters  which 
can  be  classified  into  three  kinds:  signal  parameters,  ionospheric  parameters  and 
irregularity  parameters.  It  is  found  that  under  certain  conditions  effects  caused  by 
random  scattering  can  be  more  important  than  those  caused  by  dispersion.  Various  numer- 
ical examples  will  be  given  to  show  the  importance  of  the  effects.  The  implication  on 
precise  ranging  systems  and  communication  systems  will  be  discussed. 

Additional  factors  must  be  considered  when  the  signal  is  weak  and  must  there- 
fore compete  against  the  noise.  The  effect  of  noise  on  the  determination  of  the  arrival 
time  is  to  introduce  an  error  which  depends  on  the  signal-to-noise  ratio.  Its  effect 
on  the  pulse  width  depends  on  a number  of  parameters.  The  nature  of  this  dependence 
will  be  discussed. 

1.  INTRODUCTION 

The  dispersive  effects  of  the  ionospheric  plasma  on  propagation  of  electromag- 
netic pulses  is  well  known.  For  a narrow  band  pulse  the  transit  time  between  two  fixed 
points  is  determined  by  the  group  velocity  which  is  slower  than  the  free-space  speed  of 
light.  That  is,  for  a fixed  distance  the  pulse  will  take  longer  time  to  arrive  at  the 
receiver  than  that  in  free-space.  The  excess,  known  as  the  excess  time  delay,  is  pro- 
portional to  the  integrated  electron  density  along  the  path  or  electron  content  in  the 
high  frequency  approximation.  The  effect  of  finite  bandwidth  has  also  been  looked  into; 
it  contributes  to  pulse  distortion  and  lengthening. 

In  addition  to  dispersion,  the  ionospheric  plasma  is  often  found  in  the  turbu- 
lent state.  The  electrons  form  density  irregularities.  These  irregularities  can 
scatter  electromagnetic  energy  and  result  in  further  degradation  of  radio  signals  prop- 
agating through  the  ionosphere.  The  purpose  of  this  paper  is  to  investigate  the  com- 
bined effects  on  electromagnetic  pulses  caused  by  dispersion  and  scattering.  We  first 
review  the  propagation  geometry  and  the  range  of  parameters  involved  in  section  2. 

Next  we  introduce  in  section  3 the  temporal  moments  and  show  how  they  are  related  to 
the  mean  arrival  time  and  the  mean  pulse  width.  Also  shown  in  section  3 are  expressions 
and  numerical  values  and  curves  for  the  mean  arrival  time  and  the  mean  pulse  width. 

These  expressions  are  derived  for  the  ideal,  noiseless  communication  channel.  If  there 
is  present  noise  uncorrelated  with  the  signal  these  quantities  mus!-  be  modified.  This 
is  discussed  in  section  4.  The  paper  is  concluded  in  section  5. 


2 . PROPAGATION  GEOMETRY  AND  PARAMETERS 


The  propagation  geometry  is  shown  in  Fig.  1.  A plane  wave  signal  is  supposed 
to  be  impressed  on  top  of  a slab  containing  electron  density  irregularities.  Scattering 
takes  place  inside  the  slab  so  that  random  perturbations  are  imparted  on  the  wave  when 
it  leaves  the  base  of  the  slab.  These  random  perturbations  are  further  randomized  in 
the  homogeneous  region  below  the  slab  through  dif fractional  effects  before  it  is  finally 
received. 

In  a problem  such  as  this  there  are  many  parameters  involved.  In  the  following 
is  a list  of  nine  parameters  and  their  approximate  range  of  values  pertinent  to  the 
ionosphere. 


carrier  frequency  of  the  signal  f:  100  - 5000  MHz 
signal  bandwidth  (VT)  Vt : less  than  10  MHz 
plasma  frequency  fp:  2 -15  MHz 


propagation  distance  z:  100  - 1000  km 

rms  electron  density  fluctuations  oN:  0-0.5 

slab  thickness  L:  10  - 500  km 

power  law  spectral  exponent  m:  approximately  2 

inner  scale  r0 : 10-3  - lQ°m 

outer  scale  fca:  10*  - 105  m 

In  the  above  list  the  first  two  parameters  are  signal  parameters,  the  next  two 
are  ionospheric  parameters  and  the  last  five  are  all  irregularity  parameters.  The 
carrier  frequency  of  the  signal  can  of  course  vary  over  a wide  range.  For  frequencies 
near  the  lower  end  of  VHF  band  the  ray  bending,  which  is  ignored  in  this  paper,  may  be 
very  important.  Therefore,  the  lower  bound  of  carrier  frequency  is  taken  as  100  MHz. 
When  the  frequency  is  raised  to  the  SHF  band,  the  ionospheric  effects  are  expected  to 
become  very  minimal  and  hence  an  upper  bound  of  5 GHz  is  chosen.  The  second  parameter 
in  the  above  list  is  the  signal  bandwidth  which  is  defined  by  the  equation 


^ - <2 


*’•  J 


|F(2nv) | 2 v2dv 


where  F is  the  spectrum  of  the  transmitted  signal  as  a function  of  the  modulation  fre- 
quency v.  For  a Gaussian  signal  spectrum  of  the  form 


F (2tiv)  - (2ot  */2  ) " '/2  exp  (-2n2v2/o2) 


the  bandwidth  (1)  can  be  computed  to  be 


a2/ 8n2 


The  value  of  the  bandwidth  can  vary  from  0,  which  corresponds  to  a pure  carrier,  to 
about  10  MHz.  For  most  computations  a value  of  1 MHz  is  used.  The  third  parameter  f„ 
is  an  ionospheric  parameter.  In  the  actual  ionosphere  the  plasma  frequency  varies  with 
height.  For  theoretical  convenience  the  model  ionosphere  is  assumed  to  have  a constant 
plasma  frequency.  This  is  partially  justified  because  very  often  irregularities  are 
observed  to  be  confined  to  a slab  and  because  even  when  irregularities  are  distributed 
those  near  the  ionization  peak  are  most  effective  in  producing  scintillation.  The 
plasma  frequency  at  the  peak  can  vary  from  2 to  15  MHz,  a value  of  10  MHz  is  used  in 
computations.  The  parameter,  propagation  distance,  is  the  distance  from  the  top  of  the 
irregularity  slab  to  the  receiver  as  shown  in  Fig.  1.  It  has  the  minimum  value  of  100 
km  if  irregularities  are  in  the  E region.  Irregularities  in  the  magnetosphere  have  been 
observed  but  they  are  not  expected  to  affect  transionospheric  propagation  signals  be- 
cause of  their  low  density.  Therefore,  an  approximate  maximum  value  of  1000  km  for  the 
propagation  distance  is  chosen.  The  rms  electron  density  fluctuations  had  always  been 
thought  to  be  small,  no  more  than  1»  from  the  bankground,  until  the  in  situ  measurements 
demonstrated  that  a surprisingly  large  percentage  of  20  or  even  50  is  possible  at  the 
equator.  This  accounts  for  the  rather  large  upper  bound  value  of  0.5  for  oN  in  the  list. 
Based  on  radar  data,  the  slab  in  which  irregularities  are  confined  can  be  as  thin  as 
10  km  and  as  thick  as  several  hundred  kilometers.  Both  scintillation  measurements  and 
in  situ  measurements  indicate  the  one -dimensional  power  spectrum  of  density  fluctuations 
has  the  form  icx-m  where  kx  is  the  spatial  wave  number.  The  exponent  m in  the  power-law 
spectrum  is  approximately  2.  A power-law  spectrum  of  the  form  <x~m  has  several  mathe- 
matical difficulties.  For  example,  some  spectral  moments  will  fail  to  exist.  These 
difficulties  can  be  remedied  by  introducing  the  inner  scale  and  the  outer  scale.  The 
exact  values  of  the  inner  scale  and  the  outer  scale  are  very  uncertain  at  present.  Based 
on  plasma  physics  we  would  expect  the  inner  scale  to  be  bounded  below  by  the  Debye 
length  below  which  the  plasma  is  expected  to  lose  all  its  collective  behavior.  There- 
fore, the  absolute  lower  bound  is  the  Debye  length  which  in  the  ionosphere  is  approxi- 
mately 10“3  m.  Based  on  the  radar  backscatter  data  the  irregularities  at  3 m length 
seem  to  belong  to  the  same  process  responsible  to  scintillation  (Morse  et  al. , 1977) . 
However,  the  more  powerful  Arecibo  radar  does  not  seem  to  have  reported  the  spread-F 
type  irregularities  of  size  0.35  m.  Consequently  a more  reasonable  value  for  the  inner 
scale  is  probably  somewhere  between  0.35  m and  3 m,  a value  very  close  to  the  ionic 
gyro-radius.  There  is  very  sparse  information  about  the  outer  scale,  a probable  range 
is  between  10  km  and  100  km  as  indicated  in  the  liBt. 

3.  PULSE  DELAY  AND  PULSE  WIDTH 

For  purposes  of  locating  the  position  of  a pulse  and  determining  its  pulse  width, 
it  is  convenient  to  make  use  -if  the  moment  concept.  Let  a(t,z)  represent  the  complex 
amplitude  of  a signal  and  it  is  in  general  a random  function  of  time  t and  position  z 
(dependence  on  transverse  coordinates  is  suppressed) . Define  the  n th  moment  of  the 
signal  by 


M(n>  (z) 


tn<a(t,z)  a*(t,z)>dt 
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where  the  angular  bracket  a are  need  to  denote  ensemble  averaging.  For  convenience  ot 
physical  Interpretation  the  complex  amplitude  la  assumed  to  be  normalised  so  that 
M(0)(s)»l.  Then,  the  mean  time  required  by  a pulse  to  propagate  (rum  s-0  to  s la  re- 
lated to  the  first  moment  by 


t (s)  - M(U  (s) 


Mll)  (0) 
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The  mean  square  pulse  width  centered  around  the  mean  arrival  time  is  related  to  the 
first  two  momenta  by 

i 1 Is)  - M<2)  (a)  - t*  (*) 

Higher  order  momenta  reveal  skewness  and  concentration  of  the  pulse  and  will  not  l>e 
dealt  with  In  this  paper. 

Theoretical  derivation  of  expressions  for  t and  t In  this  propagation  problem 
can  be  done  by  solving  the  transport  aquation  for  tfte  two-frequency  one  position  mutual 
coherence  function.  This  has  been  done  elsewhere  (Yeh  and  Liu,  1977).  Their  results 
show  that 


where 
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The  transit  time  t(  is  well-known  since  It  is  )uat  the  time  required  for  a signal  to 
propagate  a distance  s with  the  group  velocity  c/T-TTTT" . In  the  high  frequency  approx- 
imation (i.e.  f>>f  ) , t,  is  usually  expanded  and  written  In  the  form 


t)  ~ t,  ♦ At, 


111) 


where  t,«s/c  is  the  free  apace  time  delay  and  At  Is  the  excess  time  delay  due  to  presence 
of  electrons.  The  excess  time  delay  In  the  high  frequency  approximation  is  proportional 
to  the  integrated  electron  density  or  electron  content  and  has  been  a quantity  of 
Interest  in  satellite-baaed  navigatiqnal  systems  (Klobuchar,  1976).  The  time  delay  t, 
given  by  (9)  is  a correction  term  to  ti  when  the  signal  has  a finite  bandwidth  and 
is  usually  small  for  narrow  band  signals.  I'hc  time  delay  ts  is  caused  by  random 
scattering.  In  order  to  demonstrate  numerically  the  order  of  magnitude  of  various 
effects,  the  following  model  parameters  are  adopted. 


02) 


1 Mils 

f - 

P 

10  MHs 

1 - 

400  km 

°N  - 

0.1 

L - 

200  km 

m - 

2 

r - 
• 

10_Jm 

*•  " 

104m 

For  these  parameters,  the  free-space  time  delay  t,  is  1.31426  ms  which  is  by  far  the 
largest  value.  The  excess  time  delays  due  to  electrons,  finite  bandwidth  and  random 
scattering  are  plotted  as  a function  of  frequency  in  Fig.  2.  In  a log-log  plot  all 
three  curves  are  straight  lines.  The  dominant  contribution  to  the  excess  delay  comes 
from  the  term  proportional  to  electron  content.  But,  for  frequencies  less  than  200  Mils, 
the  scattering  can  increase  the  time  delay  by  1 to  10  ns. 

The  mean  square  pulse  width  can  also  be  derived  from  the  transport  squat  ion  for 
the  mutual  coherence  function.  The  result  Is 


t'et'^t'  + t'tt'  + t**!* 
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Let  the  signal  spectrum  be  Gauaaian  and  be  given  by  (2).  The  mean  square  pulse  width  of 
the  impressed  signal  at  s-0  is  then 


l* (0)  - l/16n,vT  (15) 


For  a bandwidth  of  1 MHx , tj  has  the  numerical  value  6 . 3326" 10" * 5 a*  or  t, »7. 957*10“®  s. 
It  turns  out  that  for  the  pArameters  given  by  (12)  the  dominating  terms  in  (13)  are  ij 
and  tj.  That  is,  of  the  six  terms  in  (13),  ij  is  most  Important  for  frequencies  less 
than  a certain  value  and  tj  is  most  important  for  frequencies  larger  than  the  same 
value.  Let  the  frequency  at  which  t{  - tJ  be  f^,  then 

f‘  - 4o'L(L,-2L*t3**) f*  v’VSf.ro*  (16) 

When  f*fe,  t|  has  the  largest  value  for  which  the  original  pulse  width  is  very  much 
lengthened,  when  f>fa,  'J  has  the  largest  value,  l.e.  the  original  pulse  width  is  sub- 
stantially unchanged.  For  the  parameters  adopted  in  (12),  f is  computed  to  be  1.46  GHx. 

Hence  when  f<1.46  GHx,  the  original  pulse  width  of  7.9578*10*8  r can  be  very  much 

lengthened.  On  the  other  hand,  when  f>1.46  GHx,  the  original  pulse  width  is  changed 
very  little.  It  should  be  mentioned  that  r,  is  very  sensitive  to  the  choice  of  an 

inner  scale  r,.  The  inner  scale  qiven  in  (12)  is  rather  small.  There  is  still  question 

as  to  the  validity  of  the  forward  scatter  approximation  in  the  parabolic  equation  method 
when  the  inner  scale  is  so  small.  If,  Instead  of  10“*m,  we  pick  r0-l  m and  leave  other 
parameters  in  (12)  unchanged,  the  dependence  of  pulse  width  on  frequency  is  very  much 
chanqed  (see  the  second  c»i  ••  in  Fig.  3).  Even  for  such  a large  inner  scale,  the  pulse 
width  at  100  MHx  is  lengthen*  1 by  more  than  one  order  of  magnitude. 


4.  EFFECT  OF  NOISE 


In  the  above  discussion  the  communication  channel  is  assumed  to  be  noiseless. 

In  practice  the  communication  channel  is  not  ideal  and  the  siqnal  must  be  competing 
aqainst  the  noise.  If  the  random  siqnal  and  the  noise  are  statistically  independent, 
expressions  for  the  mean  arrival  time  and  the  mean  square  pulse  width  in  the  noisy  en- 
vironment can  be  derived  and  related  to  the  corresponding  quantities  in  the  noiseless 
environment.  Let  the  detection  of  the  siqnal  be  gated  for  a duration  T centered  at 
some  instant  tt  which  is  usually  close  to  the  actual  arrival  time  of  the  signal. 

Within  the  qa ted  interval,  let  the  siqnal  enerqy  be  S and  noise  energy  be  N.  Then  the 
mean  arrival  time  in  the  noisy  environment  (t  )N  is  related  to  the  mean  arrival  time  in 
the  ideal  channel  t by  (Yeh  and  Liu,  1977) 


(ta)N  - ta  ♦ (t,-ta)  N/S  (17) 


As  can  be  seen  in  (17)  the  error  in  the  arrival  time  is  proportional  to  the  product  of 
two  terms:  t,-ta  and  N/S.  Hence  the  error  is  minimixed  if  the  initial  guess  is  very 
close  to  the  true  arrival  time  and/or  the  siqnal-to-nolae  ratio  S/N  is  very  larqe.  The 
mean  square  pulse  width  in  the  noisy  environment  t’n  can  also  be  related  to  the  mean 
square  pulse  width  in  the  noiseless  environment  iJ  by 


T*  - T*  4-  ( (t.-t.)  *4T,/12-t’|  N/S  (18) 

N 0 a 

It  is  seen  that  the  noise  affect s the  pulse  width  in  a more  complicated  way. 


5.  CONCLUSION 


We  have  qiven  analytic  expressions  for  the  mean  arrival  time  and  the  mean  square 
pulse  width  in  (7)  and  (13)  respectively  for  the  propagation  geometry  shown  in  Fig.  1. 
Using  typical  ionospheric  parameters,  it  is  shown  that  the  larqest  contribution  to  the 
mean  arrival  time  is  the  free-space  value  x/c.  The  larqest  correction  to  the  space 
value  is  probably  still  that  proportional  to  the  electron  content.  However,  scattering 
may  Introduce  a further  delay  of  1 to  10  ns  for  frequencies  less  than  about  300  MHx. 

The  pulse  lengthening  effect  depends  on  the  frequency  f defined  by  (16).  If  f'f^,  the 
original  pulse  width  la  substantially  unchanged.  If  f*-fe>  the  original  pulse  may  he 


very  much  lengthened.  If  la  found  that  f la  rather  aenaitlve  to  the  choice  of  the 
inner  acale.  It  ahould  be  cautioned  that'the  forward  scatter  theory  may  become  invalid 
if  the  inner  acale  la  too  amall. 


The  effects  of  noise  on  the  determination  of  the  mean  arrival  time  and  the  mean 
square  pulse  width  are  given  by  (17)  and  (18). 
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THE  ATMOSPHERIC  SCATTER  CHANNEL  FOR  OPTICAL  COMMUNICATIONS 
OVER-THE-HORIZON 

GC  Mooradian.  M (idler,  RA  Krautwald,  and  I)  Stephens 
Naval  Ocean  Systems  Center 
San  Diego,  California  921 52 
USA 

SUMMARY 

Measurements  of  the  properties  of  an  Over-The-Horizon  optical  propagation  channel  by  scattering  from  normal  marine  atmo- 
spheric aerosols  have  been  made.  The  signal  loss  of  a 40-mile  path  for  wavelengths  in  the  blue-green  was  nominally  -100  dB  when  the 
atmospheric  visibility  was  greater  than  10  miles.  This  loss  decreased  by  approximately  20  dB  for  the  near  infrared  at  1 .06  pm  When 
atmospheric  ducting  occurs,  the  path  loss  for  both  wavelength  regions  decreased  by  20  dB  with  accompanying  severe  scintillation.  The 
apparent  angular  source  size  is  small,  less  than  10  milliradians  and  there  was  no  evidence  of  pulse  dispersion  for  the  20-ns  transmitted 
pulses  for  the  40-mile  path.  The  scattered  beam  is  very  sharply  peaked  in  the  forward  direction.  A model  that  has  been  developed  is  in 
reasonable  agreement  with  the  data. 

INTRODUCTION 

Current  Navy  Operational  communications  system  suffer  from  a number  of  problems.  There  is  no  operational  communications 
system  which  is  not  significantly  susceptible  to  jamming,  intercept,  spoofing,  and  direction-finding.  Further,  current  communications 
systems  significantly  increase  Fleet  vulnerability  to  the  threat  of  ARM  (antiradiation  missiles),  lastly,  the  existing  systems  suffer  from 
limited  data  rates,  spectrum  crowding,  high  cost,  large  size,  excessive  weight,  high  power  requirements,  etc.  Several  attempts  at  solving 
these  problems  in  the  rf  spectrum  are  being  carried  out.  In  addition,  it  appears  that  optical  communications  systems  have  great  promise 
in  solving  these  problems  for  many  applications  (MOORADIAN,  GC,  1974).  This  report  discusses  one  of  the  optical  communications 
systems  being  developed  at  NOSC:  The  F.LOS  (extended  line  of  sight)  optical  communications  system.  This  system  addresses  the  re- 
quirement for  exchange  of  tactical  data  between  ships,  both  to  the  horizon  and  beyond.  The  effects  of  the  atmosphere  in  the  marine 
boundary  layer  represent  the  primary  limitation  to  system  performance  and  are  addressed  here. 

ELOS  OPTICAL  COMMUNICATIONS 

The  ELOS  optical  communications  system  addresses  exchange  of  tactical  information  to  beyond  line-of-sight  ranges  for  the 
control  of  task  force  units.  While  the  ELOS  system  will  most  likely  be  limited  to  voice  bandwidths.  the  application  of  this  system  as  an 
antijam,  low-probability-of-intercept  (AJ,  LPI) augmentation  of  hf  techniques  will  prove  extremely  valuable. 

A detailed,  comprehensive  analysis  of  extended  line-of-sight  optical  communications  has  been  completed  (MOORADIAN, 

GC,  1 976).  Links  were  studies  utilizing  both  relay  platforms  and  over-the-horizon  forward  scatter  from  aerosols  (both  marine  aerosol 
haze  ar.d  clouds).  An  in-depth  review  of  the  state  of  the  art  and  near-term  future  advances  in  system  component  performance  was  in- 
cluded, covering  lasers,  filters,  photodetectors,  pointing  and  tracking  systems,  and  platforms. 

One  result  of  this  analysis  was  an  analytical  model  for  over-the-horizon  optical  scatter  propagation,  based  upon  both  the  single 
and  multiple  scattering  approximation.  The  model  appears  to  be  in  reasonable  agreement  with  previously  available  field  data  for  over- 
the-horizon  propagation  (CURCIO,  JA.  1964). 

Based  on  the  use  of  systems  composed  of  state-of-the-art  (1976)  components,  the  following  conclusions  were  drawn  (MOORAD- 
IAN, 1976): 

1.  The  operating  wavelength  should  be  in  the  1-3  pm  range  for  both  links. 

2.  Both  relay  and  scatter  over-the-horizon  data  links  can  use  the  same  shipboard  system. 

3.  Significant  performance  advantages  can  be  achieved  by  exploiting  propagaiun  characteristics.  These  include 

a.  Use  of  a vertical  fan  beam  or  optimally  elevated  beams  in  a scatter  link  at  large  ranges. 

b.  Positioning  the  relay  platform  at  a high  altitude  to  take  advantage  of  the  decrease  in  path  loss  caused  by  the  vertical 
falkifT  in  aerosol  concentration. 

4.  Pulse  stretching,  which  becomes  significant  at  ranges  beyond  100  km.  limits  usable  data  rate,  reduces  “peak"  power  of  re- 
ceived pulses,  and  restructs  modulation  format. 

5.  Models  for  the  optical  scattering  channel  must  include  the  following: 

a Vertical  exponential  decrease  in  aerosol  concentration  and  attenuation  coefficient. 

b.  Vertical  decrease  in  index  of  refraction  The  simplest  approximation  is  to  replace  the  radius  of  the  earth  in  the  model 
by  the  “4/3  radius"  (modeling  of  temperature  inversions  would  be  desirable). 

c.  Two  modes  of  propagation:  single  and  multiple  scattering.  Contrary  to  intuition,  the  former  dominates  it  longer 
ranges  and  the  latter  at  shorter  ranges. 

The  primary  factor  which  determines  the  percentage  of  time  communicaton  over  a given  distance  at  a given  bit  rate  can  be  achiev- 
ed is  meteorological  visibility.  Statistical  studies  of  the  occurrence  of  visibilities  greater  than  a given  value  are  available  (McDONNEL 
DOUGLAS,  1968,  NICODEMUS,  1972).  When  this  information  is  combined  with  performance  characteristics  of  a typical  system,  both 
range  and  link  availability  can  be  determined.  Figure  I shows  the  performance  of  a communication  link  based  upon  the  results  of  the 
propagation  model  to  fit  to  experimental  data.  For  voice  data  rates,  the  transmitter  is  a pulsed  Nd  Y AG  laser  emitting  2.5  MW  peak 
power  pulses  at  1 .06  micrometres  with  an  average  power  of  1 0 watts.  Note  that  for  a marine  atmosphere  and  visibility  as  low  as  5 miles, 
the  communication  range  is  approximately  42  miles.*  For  visibility  of  10  miles,  the  range  is  increased  to  9|  miles.  For  20-milc  visibility, 
the  range  increases  to  205  miles.  For  teletype  data  rates  and  the  same  average  power  laser,  the  ranges  become  5 1 miles.  1 1 3 miles,  and 
261  miles,  respectively.  On  a worldwide  basis,  visibilities  greater  than  J miles  occur  approximately  859-  of  the  time,  and  visibilities 
greater  than  10  miles  approximately  70%.  This  link  availability  for  a given  range  is  not  substantially  different  irom  that  provided  by 
conventional  hf  techniques.  The  communications  ranges  can  be  considerably  greater  at  night  and  whenever  low  clouds  occur  to  provide 
a scattering  layer.  It  is  important  to  note  that  areas  of  operation  with  lower  average  visibility  (eg.  the  North  Atlantic)  also  have  a high 
occurrence  of  low  cloud  cover;  and  that  some  arras  of  high  operational  interest  (eg.  the  Western  Pacific  ami  the  Mediterranean)  consistently 
permit  greater  ranges  and  higher  availabilities  Interpretation  of  the  visibility  data  on  range,  data  rate,  and  availability  is  being  continued 

* I mi  • approx  1 .6  km 
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EXPERIMENTAL  RESULTS 

To  verify  the  propagation  model  developed  in  reference  l MOOR  ADI  AN,  GO,  19761  , it  was  necessary  to  measure  the  following 
scatter  channel  characteristics  during  each  experimental  run 

1 . The  integrated  path  loss  over  the  range. 

2.  The  angular  brightness  distribution  of  the  source  as  seen  by  the  receiver 

3.  The  magnitude  of  the  pulse  stretching 

rhese  propagation  parameters  depend  critically  on  both  the  atmospheric  visibility,  and  the  elevation/azimuthal  angles  of  the  receiver 
In  the  following  section,  we  will  describe  recent  experimental  results  derived  from  an  over-the-horizon  propagation  link  between  San 
Diego  and  Oceanside,  California.  For  this  experiment,  the  integrated  path  loss  (received  power  divided  by  transmitted  powerl  was 
measured  using  the  514.5-nm  line  of  a l-watt  argon  laser,  and  the  533mm  and  1 06-pm  lines  of  a Q-switched  Nd:YAG  laser.  In  the 
latter,  both  wavelengths  transveracd  'he  identical  propogation  path. 

The  scattering  channel  selected  was  a 39-mile  path,  almost  all  of  which  is  over  the  ocean.  The  transmitter  was  at  NOSC  in  Point 
Lonu.  The  receiver  was  on  the  beach  at  the  Marine  Base  at  Camp  Pendleton.  The  geometric  horizon  was  25  miles  from  the  transmitter 
for  the  CW  experiments  and  1 2 miles  for  the  pulsed.  A map  presenting  details  of  the  piopagation  path  is  shown  in  figure  2. 

A.  PROPAGATION  OF  CW  RADIATION 

A synchronous  transmitter  was  used  for  the  cw  measurements  (fig  3).  A cw  argon  ion  laser  emitting  about  1 watt  at  514.5  nni 
was  chopped  at  3 kHz  and  aimed  very  accurately  in  the  direction  of  the  site  at  Camp  Pendleton  An  electrical  signal,  synchronized  with 
the  chopping  frequency,  was  also  sent  to  Camp  Pendleton  via  a standard  telephone  line. 

The  receiver  at  Gimp  Pendleton  (fig  4)  collected  the  optical  chopped  signal  with  an  8-inch-diaineter  telescope.*  The  radiation 
was  detected  by  an  S-20  RCA  7265  photomultiplier.  The  synchronous  signal  was  received  from  the  telephone  and,  with  the  received 
signal,  was  fed  into  a PAR  lock-in  amplifier.  This  type  of  synchronous  detection  permitted  the  measurement  of  signals  as  small  as  I0~14 
watt. 

Figure  5 is  a photograph  at  nighttime  of  the  coastline  from  Pendleton  looking  southward  to  the  source.  The  transmitter  is  point- 
ed directly  at  the  geometric  horizon.  As  there  was  a strong  temperature  inversion  this  night  (21  January  1976),  the  direct  beam,  ducted 
by  this  refractive  index  anomaly,  is  clearly  visible. 

Figure  6 is  the  same  view  with  the  transmitter  elevated  0.5  degree  from  the  horizon.  Superimposed  on  this  photograph  is  an 
angular  scale  to  obtain  an  estimate  of  the  angular  size  of  the  source. 

Figure  7 is  another  photograph  of  the  same  view  with  the  transmitter  elevated  0.75  degree  above  the  horizon. 

Figure  8 shows  the  path  loss  as  a function  of  transmission  elevation  angle.  The  vertical  axis  is  the  path  attenuation  in  dB:  the 
power  received  divided  by  the  power  transmitted.  The  path  loss  for  the  ducted  beam  is  -83  dB.  On  the  scale  used,  this  data  point  would 
be  outside  the  boundary  of  the  graph.  Part  of  this  path  loss,  SI  dB,  is  due  to  the  loss  in  beam  spreading.  The  remaining  32  dB  is  from 
the  loss  of  energy  from  the  extinction  coefficient  integrated  over  this  63-kilometre  path. 

This  enables  a calculation  of  an  integrated  extinction  coefficient  of  0. 1 1 5 km"1  to  be  made  for  this  very  long  path.  This  method 
of  determining  the  integrated  extinction  coefficient  is  extremely  valuable  as  visiometer  and  transmissometer  measurements  disagreed 
severely.  This  night  only  four  data  points  were  obtained,  when  the  telephone  failed.  With  sync  information  gone,  no  further  data  were 
obtained.  Note  on  the  right-hand  side  of  the  figure  the  pertinent  data  are  stated:  PT  is  the  transmitted  power,  THETA  D is  the  beam 
divergence.  D REC  is  the  receiver  diameter,  FOV  is  the  field  of  view  of  the  receiver,  R is  the  propagation  path,  VIS  is  the  visibility  as 
calculated  from  the  extinction  coefficient,  BETA  is  the  extinction  coefficient,  H TRANS  is  the  height  of  the  transmitter,  and  H REC  is 
the  height  of  the  receiver  above  sea  level. 

Figure  9 contains  data  taken  on  the  same  night  of  the  photographs  of  figures  5-7.  The  night  was  remarkably  clear  from  a strong 
Santa  Ana  condition.  Note  that  the  small  value  of  ducting  loss  calculates  into  a visibility  of  92  kilometres. 

Figure  10  is  another  data  set  later  in  the  month  of  January.  This  was  a very  clear  night,  and  the  ducted  beam  was  clearly  visible 
to  the  eye. 

The  last  data  set  (fig  1 1 ) was  taken  about  a month  later  under  conditions  more  normal  to  the  California  coast.  There  was  no 
temperature  inversion,  so  the  direct,  unscattered  beam  was  not  observed.  For  all  the  four  points  of  data,  the  beam  was  not  visually  seen. 

The  occurrence  of  a ducting  condition  is  determined  two  ways  by  analyzing  the  data.  First,  a large  decrease  in  signal  level  is 
observed  when  the  transmitter  elevation  angle  is  increased  beyond  about  one  beam  width.  This  change  is  approximately  -20  dB.  Second, 
the  received  ducted  signal  exhibits  rapid  large  amplitude  variation,  characteristic  of  scintillation,  when  the  transmitter  is  pointed  at  the 
horizon.  When  the  transmitter  beam  is  elevated,  and  a scatter  condition  predominates,  the  effective  radiating  volume  increases  by  orders 
of  magnitude  (aperture  averaging)  and  amplitude  variations  of  the  signal  are  very  small,  typically  less  than  a few  percent. 

B.  PROPAGATION  OF  PULSED  RADIATION 

The  next  set  of  experiments  measured  both  the  path  loss  and  the  pulse  spreading  in  this  type  of  scatter  channel.  The  transmitter 
is  a pulsed  Nd(YAG)  laser  emitting  20-ns  pulses  both  at  the  fund  mental  at  1 .06  micrometres  and  the  first  harmonic  at  532  nm  (fig  1 2). 
Both  wavelengths  traverse  the  same  propagation  path  to  the  receiver.  The  radiation  is  accurately  pointed  to  Gimp  Pendleton  with  the 
aid  of  a sighting  hole  near  the  laser  and  a sighting  mark  50  feet  from  the  laser.  The  exact  positions  of  these  aiming  aids  were  determined 
by  a surveyor.  The  peak  powers  of  the  1 .06 -pm  and  the  first-harmonic  beams  are  measured  by  pyroelectric  pulsed  energy  detectors.  Accurate 
timing  of  the  onset  of  the  pulse  at  the  receiver  was  obtained  by  two  rubidium  clocks.  These  were  synchronized  at  the  start  of  each  receiver 
experiment.  One  clock  in  this  figure  is  shown  sending  a sync  pulse  to  trigger  the  laser  power  supply.  The  other  rubidium  standard  clock  is 
shown  in  figure  1 3.  A sync  pulse  from  this  clock,  delayed  for  350  ps  to  account  for  the  time  of  flight  of  the  beam,  i.  Jtiates  the  Biomation 
digitizers.  The  two  wavelengths,  532  nm  and  1 .06  pm.  are  collected  by  an  8-inch  telescope  receiver.  The  two  beams  are  separated  by  a di- 
chroic  beamsplitter,  detected,  amplified,  digitized,  and  recorded.  Real-time  displays  of  the  pulse  shapes  are  shown  on  the  oscilloscopes  and 
Polaroid  photographs  taken. 

Figures  14  and  I 5 show  the  path  loss  as  a function  of  transmitter  elevation  and  scan  angle  at  a wavelength  of  532  nm.  The  1 .06  pm 
receiver  was  not  operating  during  this  test.  It  is  important  to  note  that  the  off-axis  energy  in  azimuth  is  very  sharply  peaked  in  the  forward 
direction  (much  more  so  than  predicted  by  standard  forward  scattering  functions).  This  has  important  implications  for  determining  LPI  and 
AJ  levels.  Figure  16  shows  the  path  loss  at  the  two  wavelengths  of  532  nm  and  1 .06-pm  through  the  identical  atmos,  here.  As  predicted  by 
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the  model,  the  1.06  pm  channel  has  approximately  20-dB  leu  attenuation  than  the  532-nm  channel  for  these  atmoipheric  condition! 
and  range.  The  electrical  signal -to -none  ratio  of  the  1 ,06  pm  channel  was  approximately  00  dB,  even  in  daytune  operation.  In  all  these 
measurements  there  was  juj  pube  stretching  or  distortion  measured. 

l-igure  1 7 and  1 8 show  further  data  of  the  path  lou  during  conditions  ol  patchy  fog. 

ANALYSIS  OF  PROPAGATION  RESULTS 

The  multiple  scattering  model  developed  in  reference  (MOOKADIAN,  1076)  gave  the  norma  tired  received  power  to  be  equal  to 

!W  „ is.  Vcf(0)  . 

Prec  * received  optical  power 

P|  3 transmitted  peak  power 

ATtc®  receiver  area 

f(0)  * forward  scatter  function  at  0° 

0 s extinction  coefficient 

R 3 range 

The  parameter  f(0)  was  assumed  to  be  equal  to  10. 3.  the  value  computed  by  Dcirmendjian  for  an  aerosol  distribution  he  called  "water 
hare  ”M”  (DEIRMENDJ1AN,  1060). 

The  experimental  and  theoretical  values  are  compared  in  tabic  I . The  column  labeled  EXPERIMENT  is  the  path  loss  with  the 
transmitter  pointed  about  one  beam  diameter  above  the  horiron  to  ensure  that  none  of  the  energy  is  being  ducted  to  the  receiver.  The 
next  column.  SOL  SC  ATT,  gives  the  values  from  the  single  scattering  model.  The  column  next  to  this  one,  ERROR,  gives  the  difference 
between  the  experiment  and  the  single  scattering  theory.  Note  that  there  are  large  differences  from  16  to  30  dB.  The  next  column, 
MULT  SCATT,  gives  the  results  from  the  theory  of  multiple  scattering.  A comparison  between  this  column  and  the  experimental  values 
indicates  better  agreement,  with  the  differences  clustered  around  -19  dB. 

TABLE  I.  COMPARISON  BETWEEN  EXPERIMENT  AND  THEORIES. 


Comparison  of  both  single  scattering  and  multiple  scattering  theoretical 
models  to  experimental  results  over  63-km  OTH  range 


Date 

Beta 

Experiment* 

SGL  SCATT” 

Error 

MULT 

SCATT” 

Error 

1/1 5/76 

O.IISkm'**** 

-96  dB 

-1 175  dB 

-215  dB 

-1185  dB 

-22.5  dB 

1/21/76 

0.043  km'**** 

-86  dB 

-114  7 JB 

-28.7  dB 

-103  dB 

-)7dB 

1/28/76 

0.126  km'**** 

-102  dB 

-1 18  dB 

-16  dB 

-121  dB 

-19  dB 

2/25/76 

0.148  km'* 

-108  dB 

-1 19.4  dB 

-1 1.4  dB 

-1265  dB 

-185  dB 

‘Measurement  of  path  loss  (Trcvr^XMTR*  *’  transmitter  elevation  angle  of  ~ 3 mrad . 
••Assuming  f(0)  • 10.3 
•••Calculated  from  ducted  beam 


Both  models  consistently  underpredict  the  actual  path  loss  measurement.  However,  the  multiple  scattering  model  seems  to  be  in  better 
agreement  with  the  experimental  data  than  the  single  scattering  model.  This  was  not  too  surprising  since  the  optical  thickness  was  with- 
in the  multiple  scattering  regime.  In  the  following,  we  will  show  that  the  -|9-dB  “error"  of  the  multiple  scattering  model  may  be  due  to 
an  underestimation  of  the  density  of  large  particles  with  the  accompanying  usage  of  a value  of  f(0)  too  small  by  a factor  of  1 00. 

Recently,  it  has  been  shown  (WELLS,  W,  1977)  that  the  Dcirmendjian  hare  M underestimates  the  number  of  large  particles  con- 
tained in  a maritime  aerosol  by  several  orders  of  magnitude.  Results  of  similar  type  can  be  obtained  from  Mie  calculation  of  f(0)  and  0 
from  the  particle  sire  distribution.  Figure  1 9 is  a typical  particle  spectrum  measured  with  a Knollenburg  spectrometer.*  The  minimum 
density  of  particles  that  can  be  measured  with  this  instrument  is  N - 3 (10)''  particles  /cm3  p.  Table  2 shows  the  value  of  0 and  f(0)  for 
the  measured  distribution  which  is  extended  lo  include  particles  of  density  equal  to  the  sensitivity  of  the  instrument  from  1 8 p to  50  p, 
ie,  Nu-  3 (1 0)'3  for  1 8 p < r < 50  p.  The  inclusion  of  several  large  (>IOpm)  particles  in  the  model’s  distribution  has  the  effect  of  in- 
creasing the  forward  scattering  function  by  a factor  of  57,  without  an  appreciable  increase  in  the  value  of  the  extinction  coefficient. 

TABLE  2.  CALCULATED  VALUES  OF  EXTINCTION  COEFFICIENT 
AND  THE  FORWARD  SCATTER  FUNCTION. 


0 ffO) 

Measured  distribution  3.1km'*  (436)10 

Extended  distribution  3.9  km'*  (23)10"* 


•Knollenberg  data  supplied  by  Dt  D Jensen  of  NOSC 
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The  experimental  results  of  the  azimuth  scan  of  the  tranamitter  also  lead  one  to  auapect  the  forward  scattering  function.  From 
figure  1 5 it  is  seen  that  the  received  power  is  very  charply  peaked  in  the  forward  direction,  much  more  than  that  predicted  by  the  phase 
function  derived  from  a Deirmendjian  haze  M model.  For  this  function,  the  scatter  cross  section  is  down  by  a factor  of  10  approximately 
I 2°  off  axis.  The  experimental  data  indicate  a reduction  in  the  received  power  of  10  approximately  0.17°  off  axis.  Clearly,  the  scatter- 
ed signal  profile  is  not  consistent  with  a classical  Deirmendjian  aerosol  model.  From  reference  (MOORADIAN.  GC,  1976)  it  is  seen  that 
for  an  assumed  phase  function  distribution  of 


f(0)-f(0) 


["<■ 


0<«  <«„ 


then 


f(0>* 


■V 


While  this  model  for  the  forward  scattering  function  is  obviously  overly  simple,  the  dependence  of  f(0)  with  0U  is  important.  It 
one  relates  SQ  to  the  10%  points,  then  the  measurement  of  30  September  1 976  indicate  a 80  approximately  10  times  smaller  than  from 
the  M water  haze  that  was  assumed  in  the  model.  This  again  indicates  an  f(0)  approximately  100  times  that  assumed  in  the  model.  If 
f(0)  is  increased  by  approximately  100  in  the  model,  it  is  clear  that  good  quantitative  agreement  is  possible.  While  this  agreement  is 
clearly  nonrigorous,  the  results  are  self-consistent. 

It  was  fortuitous  that  some  of  the  scattered  beam  data  were  obtained  with  a ducted  beam  condition.  This  permitted  determin- 
ation of  the  integrated  value  of  extinction  coefficient  and  thus  a comparison  between  experiment  and  theory  as  shown  in  table  1.  This 
favorable  climatic  condition  did  not  exist  on  further  data  runs  as  shown  in  figures  1 7 and  1 8.  Thus,  the  values  of  BETA  and  VIS  were 
left  blank.  Further  data  are  still  planned  for  the  future.  But  now,  the  values  of  ft  will  be  obtained  by  measuring  the  "direct  beam"  path 
loss.  Another  receiver,  behind  the  scattered  beam  receiver  and  elevated  in  the  hills  will  make  this  measurement. 

FUTURE  PLANS 

As  indicated  in  the  above,  further  scattering  measurements  will  be  made.  The  design  and  construction  of  a one-way  communi- 
cation link  between  NOSC  and  San  Clemente  Island  (a  distance  of  128  km  over  water)  are  in  progress.  Pulse  interval  modulation  is  the 
method  to  be  used  of  transmitting  higher  handwidths  of  information  (voice)  using  a low-frequency  pulse  stream  (laser  pulse  frequency 
of  200  pps). 
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The  moat  effective  approach  to  the  development  of  optimum  modulation  and 
demodulation  techniques  for  a specific  class  of  channels  involves  a sequence  of  steps  as 
diagrammed  in  Fig.  1.1.  These  steps  involve  the  measurement  and  modeling  of  channel 
characteristics  to  provide  the  basis  for  optimum  modem  design  concepts  and  the  utilization 
of  channel  simulators  for  the  development,  acceptance  testing,  and  comparative  evaluation 
of  implemented  modems  prior  to  field  testing. 

As  Indicated  in  Fig.  1.1,  the  design  of  the  channel  measurement  experiment 
involves  an  initial  analytic  modeling  effort  to  determine  the  relationship  between 
significant  parameters  in  the  propagation  and  system  function  models  of  the  channel. 

From  this  modeling  effort  one  may  estimate  multipath  spreads,  Doppler  spreads,  frequency 
correlation  functions,  delay  power  spectra,  etc.  as  a function  of  propagation  channel 
parameters  such  as  sea  state  and  wavelength  and  as  a function  of  system  parameters  such  as 
range,  velocity  vectors  of  terminals,  antenna  patterns,  etc.  The  proper  design  of  the 
channel  probing  signal,  measurement  equipment,  and  data  reduction  requires  at  least  that 
a gross  estimate  of  maximum  multipath  spread  and  Doppler  spread  be  available  and  that  the 
bandwidth  be  specified  over  which  the  channel  is  to  be  characterized. 

The  channel  measurement  experiment  should  involve  both  propagation  and  system 
function  type  measurements  in  order  to  validate  the  initially  estimated  relationship 
between  the  two  channel  models.  It  is  Important  to  develop  such  validated  relationships 
because  the  time  and  expense  associated  with  channel  measurements  prvent  the  collection 
of  measurements  under  all  physical  cases  of  interest.  Thus  for  example  in  airplane- 
satellite  channel  measurements  it  is  desirable  that  sea  state  be  measured.  If,  on  the 
basis  of  measurements,  validated  relationships  have  been  develoDed  between,  say,  sea  state 
and  multipath  spread,  then  it  will  be  possible  to  estimate  the  effects  of  other  sea  states 
even  though  such  states  did  not  occur  in  the  experiments. 

System  function  channel  measurements  connected  with  the  multiplicative  (distorlng) 
and  additive  disturbance  may  be  taken  separately  because  of  their  Independence.  The  signal 
distortion  properties  of  the  channel  are  characterized  by  measurements  at  four  levels  of 
increasing  complexity: 

(1)  Measurement  of  gross  parameters  of  system  function  (e.g.,  coherence 
bandwidth,  Doppler  spread,  etc.). 

(2)  Measurement  of  correlation  functions  of  system  functions  (e.g., 
frequency  correlation  function .delay  power  spectrum,  etc.). 

(3)  Measurement  of  probability  distributions  of  system  functions 
(e.g.,  probability  distributions  of  amplitude  and  phase  on  a received  carrier). 

(4)  Measurement  of  system  functions  (e.g.,  time-variant  transfer 
function  and  impulse  response) . 

Measurements  1 - 3 in  conjunction  with  terminal  constraints,  such  as  bandwidth 
and  power,  are  useful  for  bounding  the  distortions  caused  by  the  channel  and  allow  a 
considerable  narrowing  of  the  possible  modulation  and  demodulation  techniques  to  be 
considered. 

In  the  development  of  modems  both  software  and  hardware  simulators  are  useful. 
Software  simulations  are  useful  during  the  early  stages  of  modem  development  where  modem 
concepts  are  checked  out  for  Inclusion  in  design  specifications  and  where  acceptance 
specifications  are  developed.  They  are  also  useful  during  the  design  of  the  modem  by 
allowing  a prediction  of  performance  degradation  that  would  be  caused  by  a proposed  design 
change.  The  hardware  simulator  comes  into  play  when  modems  have  been  built,  both  for 
final  checkout  and  adjustment  of  the  modem  prior  to  acceptance  testing,  and  for  the 
acceptance  testing  itself. 

Two  basic  types  of  channel  simulators  may  be  identified,  each  having  separate 
functions  in  modem  development.  These  two  types  of  simulators  are  called  the  synthetic 
channel  simulator  and  the  playback  channel  simulator.  The  synthetic  channel  simulator 
creates  a roprixJucible  channel  which  has  average  statistical  properties  approximating 
the  measurements  1-3.  Due  to  the  validated  relationships  between  the  system  function 
and  propagation  channel  parameters  it  is  then  possible  to  create  synthetic  channel 
conditions  which  would  have  been  observed  if  sufficient  time  could  have  been  expended  in 
the  channel  measurements.  For  example,  in  the  case  of  sea  states  one  might  deduce  that 
certain  sea  states  not  actually  observed  in  the  propagation  measurements  are  still 


can 


reasonably  likely  and  would  produce  certain  multipath  structure.  The  synthetic  channel 
be  set  to  model  this  situation. 

The  playback  channel  Is  used  to  recreate  the  same  instantaneous  system  functions 
that  were  measured  In  4 above,  with  appropriate  measured  additive  noise,  If  ordinary 
thermal  noise  1s  not  sufficient.  Whereas  only  the  approximate  statistical  behaviour  Is 
reproduced  by  the  synthetic  simulation,  the  exact  Instantaneous  system  function  (and 
representative  noise)  that  existed  durinq  the  measurements  Is  "played  back"  by  the  play- 
back simulation.  While  the  synthetic  simulator  Is  of  qreat  help  in  checking  out  bit-sync 
tracklnq  and  acquisition,  and  further  narrowlnq  the  modems  of  Interest  throuqh  comparative 
modem  performance  evaluation  under  Identical  conditions,  these  conditions  only  approximate 
the  statistical  behaviour  of  the  actual  channel.  In  order  to  achieve  low  error  rates  In 
digital  communication  It  is  necessary  to  consider  the  rare  events  on  the  "tails"  of 
probability  distributions  which  cannot  be  reproduced  by  the  synthetic  channel.  However, 
all  such  rare  events  which  have  occurred  in  the  system  functions  durinq  channel  measurements 
will  be  accurately  reproduced  by  the  playback  simulator.  Note,  moreover,  that  the  playback 
channel  allows  a comparative  evaluation  of  modem  performance  over  the  same  time-bandwidth 
portion  of  an  actual  channel,  a feat  which  Is  impossible  In  direct  field  testing  of  modems; 


Figure  1.1:  Utilisation  of  Channel  Measurements 
in  Modem  Development 
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ABSTRACT 

This  paper  will  describe  the  theoretical  background,  methods  of  Implementation,  and 
utility  of  a multi-purpose  wideband  LOS  (line-of-slght)  channel  simulation  system  developed 
by  CNR,  Inc.,  for  Rome  Air  Development  Center  as  a means  for  checking  out  wideband  digital 
modems.  The  system  provides  both  a channel  probing/ channel  playback  capability  and  a syn- 
thetic stochastic  channel  simulation.  Propagation  media  effects  simulated  Include  both 
multipath  due  to  refractive  anomalies  (refractive  multipath)  and  scattering  off  the  surface 
(surface  multipath).  The  types  of  LOS  channels  handled  by  the  system  include  airplane- 
airplane,  ground-airplane,  ground -ground,  airplane-satellite.  In  addition,  the  simulator 
allows  the  introduction  of  controlled  amounts  of  nonlinearity,  phase  jitter,  and  frequency 
offset.  The  simulator  operates  at  selectable  IF  frequencies  of  70,  300,  or  700  MHz.  At 
the  two  higher  IF  frequencies,  signal  bandwidths  up  to  100  MHz  may  be  accommodated,  while 
at  70  MHz,  bandwidths  up  to  25  MHz  may  be  handled. 

1.  INTRODUCTION 

The  development  of  reliable  high-speed  digital  modems  (modulators -demodulators)  for  use 
over  fading  dispersive  radio  channels  can  be  facilitated  greatly  with  the  aid  of  channel 
simulators.  Two  important  classes  of  simulators  can  be  identified: 

• Synthetic  channel  simulation 

• Playback  or  stored  channel  simulation 

In  the  case  of  synthetic  channel  simulation,  deterministic  or  stochastic  models  are  imple- 
mented based  upon  either,  or  both,  theoretical  calculations  and  previously  measured  statistics . 

In  the  case  of  the  playback  channel  simulation,  a long  record  of  parameters  characterizing 
the  time-varying  system  function  of  a channel  (such  as  tapped  delay  line  weights)  are  mea- 
sured with  the  aid  of  a channel  prober /analyzer  and  recorded  on  magnetic  tape.  This  tape  is 

played  back  into  a model  of  the  channel  which  utilizes  the  measured  parameter  values  in  a 

corresponding  canonic  channel  model  (such  as  a tapped  delay  line  with  weights). 

With  the  playback  of  a measured  and  stored  channel,  there  will  be  identical  instan- 
taneous time-  and  frequency-selective  channel  conditions  as  occurred  in  the  field.  In  the 
synthetic  channel  simulation,  there  will  be  only  statistically  similar  channel  conditions, 
but  they  will  be  adjustable  to  cover  situations  expected  to  occur  but  not  measured  due  to 
the  limited  duration  of  the  field  tests.  These  simulation  techniques  complement  each  other 
in  providing  tools  for  modem  development . 

The  simulator  described  in  this  paper  includes  both  playback  channel  and  synthetic 

channel  simulators  and  probably  represents  the  most  versatile  and  flexible  radio  communica- 

tions channel  simulator  yet  developed.  Some  of  the  concepts  in  the  present  system  design 
have  been  developed  by  Bello  [1]  -[7]  in  previous  synthetic  and  stored-channel  simulators 
he  has  designed.  However,  the  present  equipment  represents  an  expansion  of  capabilities  in 
terms  of  simulation  bandwidth,  flexibility,  and  operational  modes. 

2.  APPLICABLE  CHANNELS 

The  major  cost  of  the  simulator  is  associated  with  the  measurement  and  simulation  of 
propagation  media  fading  and  multipath  associated  with  particular  links,  namely: 

• Ground-Aircraft  (GA) 

• Aircraft-Aircraft  (AA) 

• Aircraft-Satellite  (AS) 

• Ground-Ground  (GG) 

Since  propagation  media  are  linear,  their  input-output  behaviors  are  completely  determined 
by  corresponding  impulse  responses  or  transfer  functions.  Because  radio  channels  are 

*Fund8  for  this  development  were  provided  by  the  Air  Force  Systems  Command,  Rome  Air 
Development  Center,  Grifflss  Air  Force  Base,  Rome,  New  York,  under  Contract  No.  F30602- 
75-C-0242. 
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t low -variant , both  tha  Impulse  response  and  transfer  function  must  be  regarded  as  time- 
variant.  It  may  be  shown  that  the  complexity  of  equipment  required  to  measure,  record,  and 
reproduce  the  characteristics  of  the  propagation  channel  over  a finite  bandwidth  depends 
directly  upon  two  gross  channel  parameters,  the  multipath  spread  and  the  Doppler  spread. 

The  multipath  spread  Is  a measure  of  the  duration  of  the  Impulse  response  of  the  channel 
while  the  Doppler  spread  is  a measure  of  the  width  of  the  spectrum  of  a received  carrier. 

In  discussing  the  values  of  Doppler  spread  and  multipath  spread  of  a channel  and  their 
Impact  on  channel  simulator  design,  it  Is  necessary  to  distinguish  various  propagation  modes . 
For  the  four  canonic  LOS  channels  of  Interest  here  (GA,  AA,  AS,  GG),  the  following  three 
propagation  modes  are  of  Interest: 

• Refractive  multipath 

• Surface  multipath 

• Ionospheric  scintillation  (AS  only) 

An  elevated  tropospheric  layer  with  a scale  much  larger  than  the  wavelength  of  the 
carrier  can  act  as  a lens  which,  under  proper  conditions,  focuses  the  transmitted  signal 
Into  the  receiver  over  multiple  paths.  The  frequency  and  intensity  of  the  meteorological 
conditions  which  result  In  such  multipath-producing  propagation  have  been  studied  experi- 
mentally [8]  -(21].  The  resulting  multipath  structure  has  been  examined  at  CNR  under  three 
contracts  with  RADC  [22]  - (24),  and  the  numerical  results  [25]  agree  quite  favorably  with 
the  experimental  data  [8]  - (21). 

Refractive  multipath  Is  a term  used  to  describe  the  channel  characteristics  caused  by 
these  steep  negative  gradients  In  refractive  Index.  The  net  effect  of  this  gradient  Is  to 
produce  discrete  multipath,  i.e.,  a finite  set  of  paths  In  addition  to  the  direct  path  be- 
tween transmitter  and  receiver.  An  analysis  of  the  Impulse  response  structure  by  CNR  indi- 
cates a maximum  of  seven  paths  for  a path  length  of  200  miles.  Calculations  of  multipath 
are  not  made  beyond  200  miles  because  the  theory  assumes  a continuous  layer  and  It  does  not 
seem  likely  that  layers  will  extend  so  long.  However,  there  Is  a lack  of  experimental 
knowledge  on  layer  lengths,  so  the  assumption  Is  purely  arbitrary  at  this  point. 

Refractive  multipath  will  only  occur  on  LOS  paths  having  an  elevation  angle  of  less 
than  2°  - 3°,  and  is  not  normally  experienced  on  channels  employing  a satellite  relay  which 
usually  do  not  attempt  to  communicate  at  such  low  elevation  angles.  On  the  other  hand,  the 
AA,  GA,  and  GG  channel  perforce  operate  at  low  elevation  angles  of  the  line-of-slght  and 
thus  experience  refractive  multipath  whenever  the  corresponding  propagation  conditions  exist . 
On  the  basis  of  the  propagation  model  used  by  CNR,  it  Is  found  that  over  most  of  the  world, 
the  worst-case  multipath  spread  Is  within  65  nanoseconds.  The  worst  Doppler  spreads  are 
found  to  be  less  than  .5  Hx/Mach  No./GHx  of  carrier  frequency.  Channel  measurement  would 
probably  be  undertaken  at  speeds  of  less  than  Mach  .7.  For  the  typical  military  operating 
frequency  of  8 GHe,  we  find  an  expected  worst-case  Doppler  spread  of  5.6  He.  »• 

We  consider  now  the  multipath  and  Doppler  spread  associated  with  surface  multipath. 

CNR  has  carried  out  considerable  study  on  modeling  surface  multipath.  Although  the  under- 
lying scattering  process  which  causes  this  multipath  Is  the  same  for  AS/GS  and  AA/GA  links, 
operational  as  well  as  numerical  considerations  make  the  models  somewhat,  different . The 
AS/GS  model  was  developed  at  CNR  under  contract  to  the  Department  of  Transportation  [26], [27] 
while  the  AA/GA  model  was  developed  at  CNR  under  contract  to  RADC  [29], 

The  earliest  arriving  component  of  the  surface  multipath  Is  from  the  "specular"  point, 
l.e.,  the  point  of  mirror  reflection  from  the  surface.  Later  multipath  components  come 
from  annular  rings  at  successively  larger  distance  from  the  specular  point.  There  are  two 
sharp  contrasts  between  surface  multipath  and  refractive  multipath.  First  we  note  the  gap 
In  delay  between  the  direct  path  and  the  specular  delay  within  which  no  surface  multipath 
may  occur.  Refractive  multipath  Is  generally  clustered  soon  after  the  direct  path  and  will 
frequently  be  so  close  as  to  be  unresolvable  from  the  direct  path.  Second,  we  note  that 
except  for  reflections  from  large  objects  like  mountains  or  buildings  or  a "specular”  reflec- 
tion emanating  from  the  average  surface  around  the  specular  point,  the  surface  multipath 
consists  of  a very  large  number  of  very  small  components  distributed  In  delay.  Thus  It  is 
of  a "continuous"  nature  as  opposed  to  the  discrete  nature  of  refractive  multipath. 

Two  other  contrasts  we  wish  to  make  are  the  behavior  of  these  modes  of  propagation  as 
a function  of  antenna  sire  and  operating  frequency.  Refractive  multipath  Is  virtually 
unaffected  by  antenna  sire  because  the  discrete  paths  arc  clustered  very  close  to  the  direct 
path,  deviating  only  tenths  of  a degree.  Surface  multipath  Is  strongly  affected  by  the 
antenna  pattern  which  can.  In  principle,  be  focused  to  eliminate  reflections  and  scattering 
from  the  surface.  In  practice,  antenna  sixes  are  sharply  limited  for  airplane  use  and 
surface  multipath  cannot  always  be  eliminated. 

Consider  now  the  effect  of  changing  the  operating  frequency.  In  the  case  of  refractive 
multipath,  the  relative  path  delays  are  to  first  order,  not  a function  of  operating 


. 
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frequency.  However,  as  the  operating  frequency  Is  lowered  sufficiently,  the  multipath  spread 
will  become  less  than  a period  of  the  carrier  frequency,  and  the  channel  will  behave  like  a 
single  fading  path  for  Information  transmission.  As  the  frequency  Is  lowered  such  that  the 
multipath  spread  Is  a small  fraction  of  a carrier  frequency  period,  the  fading  will  disappear 
because  the  multipath  components  will  add  In-phase. 

In  the  case  of  surface  multipath,  the  frequency  and  angle  of  Incidence  to  the  specular 
point  can  have  a pronounced  effect  on  multipath  characteristics.  The  signal  scattered  from 
the  surface  of  the  earth  (land,  water,  ice,  etc.)  has  a discrete  or  specular  and  a diffuse 
component.  The  specular  component  characterizes  the  mean  signal  scattered  from  the  surface, 
while  the  diffuse  component  characterizes  the  random  return  due  to  the  roughness  of  the 
surface  and  produces  the  "continuous"  multipath.  It  may  be  shown  that,  for  a fixed  grazing 
angle  and  surface  roughness,  the  multipath  will  tend  to  be  continuous  at  the  higher  (micro- 
wave)  frequencies  and  specular  or  discrete  at  the  lower  (UHF)  frequencies.  For  the  military 
links  being  considered  here,  there  are  many  naturally-occurring  surfaces  (e.g.,  the  ocean, 
hilly  terrain,  desert,  snow  drifts,  etc.)  which  will  cause  diffuse  scatter  to  exist. 

The  delay  difference  between  the  specular  and  direct  signal  paths  can  amount  to  tens 
of  microseconds  for  an  AS  link,  while  the  Doppler  difference  would  be  at  most  7 Hz/Mach 
No. /GHz  of  carrier  flight  for  level  flight. 

We  consider  now  the  amount  of  multipath  spread  produced  by  the  surface  multipath.  It 
has  been  shown  by  CNR  [26J  - [ 28 j that  for  sufficiently  wide  beam  antennas  and  low  elevation 
angles  to  the  satellite,  up  to  10  ps  of  multipath  spread  exist.  Since  military  operational 
antennas  are  directive  to  provide  for  increased  gain,  multipath  rejection,  secure  communica- 
tion, etc.  (see  [30]),  multipath  spread  calculations  should  be  made  for  typical  military 
situations.  It  Is  assumed  that  the  satellite  antenna  provides  broad  coverage  in  a sector 
which  contains  the  military  aircraft,  and  therefore  provides  for  little  or  no  multipath 
discrimination.  However,  the  aircraft  antennas  used  to  communicate  with  satellites  can 
range  from  upper  hemispherical  coverage  at  UHF  to  a few  degrees  beamwldth  at  the  higher 
microwave  frequencies.*  The  coverage  provided  by  these  antennas  Is  shown  dlagraiunatically 
in  Figure  1.  Since  the  antennas  are  designed  for  satellite  communications,  the  usual  case 
is  for  the  multipath  to  occur  in  a sidelobe,  as  shown  in  Figures  1(a)  and  1(b).  However, 
when  the  satellite  Is  at  a very  low  elevation  angle,  the  multipath  may  occur  in  the  main 
beam  of  the  antenna,  as  shown  in  Figure  1(c), 

Approximate  calculations  of  multipath  spread  due  to  sidelobe  illumination  have  been 
carried  out  by  CNR  for  various  grazing  angles  y and  beamwidths  6 for  diffuse  scatter  at 
microwave  frequencies.  For  antenna  beamwidths  less  than  about  3°,  the  maximum  (sidelobe) 
delay  spread  has  been  found  to  be  about  200  nanoseconds  at  an  aircraft  altitude  of 
30  thousand  feet. 

If  the  main  beam  illuminates  the  earth's  surface  as  it  may  when  the  satellite  is  near 
the  horizon,  the  scattered  power  can  be  calculated  from  the  scattering  cross-section,  the 
surface  roughness,  and  the  1/r2  losses.  In  calculating  the  multipath  power,  we  have  assumed 
worst-case  rms  surface  slope  a,  l.e., 

a - a - tan  y (1) 

max 

where  y is  the  grazing  angle  to  the  specular  set.  (The  rougher  the  surface,  the  larger 
the  surface  area  over  which  scattering  takes  place  and  the  larger  the  multipath  spread.) 

When  a > tan  y,  a significant  part  of  the  surface  becomes  shadowed  by  the  surface  irregu- 
larities, and  the  multipath  power  Is  typically  reduced  by  an  order  of  magnitude  [31,  p.  116]. 
The  results  of  such  an  approximate  calculation  show  that,  for  grazing  angles  less  than  about 
3°,  the  multipath  spread  (defined  here  as  the  delay  beyond  the  specular  delay  at  which  the 
multipath  power  drops  to  1/e  of  its  maximum  value)  is  less  than  200  ns. 

Similarly,  one  may  calculate  the  Doppler  spreads  for  the  cases  of  sidelobe  Illumina- 
tion and  main  beam  illumination  of  the  surface  at  low  grazing  angles.  One  may  show  that, 
for  an  8-GHz  carrier  frequency  and  Mach  .7,  Doppler  spreads  of  less  than  10  Hz  are  pre- 
dicted for  a beamwldth  of  39  In  the  case  of  sidelobe  illumination  and  for  any  beamwldth  In 
the  case  of  mainlobe  Illumination  of  the  surface.  Note  that  the  Doppler  spread  decreases 
with  decreasing  grazing  angle. 

In  the  case  of  the  AA  and  GA  links,  surface  multipath  will  occur  In  addition  to  re- 
fractive multipath.  The  AA/GA  links  differ  from  the  AS  link,  however,  in  that  the  multi- 
path  is  always  generated  at  low  grazing  angles  and  within  the  radio  horizon.  As  a result 


In  three  years  of  airborne  testing  [31],  blade,  dipole,  and  crossed  slot  UHF  antennas  were 
used  to  provide  upper  hemispherical  coverage;  at  S-band,  a +2°  beamwldth  antenna  was  used. 
In  [30],  a 32-lnch  Cassegrain  with  a 3°  beamwldth  at  SHF  was  mounted  on  a KC-135. 
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of  these  differences,  the  surface  scatter  multipath  on  AA/GA  has  a specular  component  which 
Is  delayed  only  a few  hundred  nanoseconds  from  the  direct  path  and  shifted  by  at  most  10  or 
20  He.  The  multipath  spread  Is  worst  for  AA  links.  For  AA  links,  one  may  calculate  that 
aircraft  at  30  thousand  feet  with  antenna  beamwldths  less  than  3°  experience  diffuse  multi- 
path  with  delay  spreads  of  less  than  about  150  nanoseconds  for  grazing  angles  above  1°.  At 
angles  below  1°,  the  diffuse  multipath  power  decreases  due  to  shadowing  and  due  to  the 
tendency  of  the  multipath  to  be  specular  near  grazing  Incidence. 

Calculations  of  Doppler  spreads  indicate  small  values  of  the  order  of  these  found  In 
the  other  cases,  e.g.,  10  Hz  or  less  for  8 GHz,  Mach  .7,  and  3°  beamwldths. 

In  the  case  of  GG  links  with  parameters  representative  of  those  used  in  conventional 
microwave  relay  communications,  multipath  spreads  and  Doppler  spreads  will  be  much  smaller 
than  those  quoted  for  the  other  links.  Calculations  are  available  in  a report  by  CNK  [22], 

As  a final  channel  characteristic,  we  consider  ionospheric  scintillation.  This  phe- 
nomenon Is  of  relevance  only  for  AS  links  In  which  the  LOS  pierces  regions  of  the  Ionosphere 
which  are  perturbed  anomalously  in  the  vicinity  of  the  equator.  From  an  Input -output  point 
of  view,  the  effect  is  one  of  causing  amplitude  and  phase  fluctuations,  l.e.,  Doppler  spread 
with  negligible  multipath  spread.  The  effect  is  quite  important  at  UHF  but  will  be  negli- 
gible at  the  higher  microwave  frequencies,  e.g.,  8 GHz.  The  Doppler  spread,  In  any  case. 

Is  quite  low  - a few  Hz  at  most. 

The  simulation  system  described  In  this  paper  Is  designed  to  measure  and  playback  or 
synthesize  the  fading  dispersive  characteristics  of  GA,  AA,  AS,  and  GG  links  for  various 
combinations  of  refractive  multipath,  surface  multipath,  and  Ionospheric  scintillation. 

3.  MEASUREMENT  AND  SIMULATION  APPROACH 

The  problem  of  channel  measurements  on  fading  dispersive  channels  has  been  studied 
extensively  by  Bello  (34]  - (39). 

The  channel  measurement  approach  used  here  involves  transmission  of  a pseudo-random 
binary  PSK  (0,180°)  with  the  (0,180°)  states  controlled  by  the  (0,1)  states  of  a maximal 
length  shift  register  sequence.  The  received  process  is  (complex)  correlated  with  delayed 
replicas  of  the  pseudo-random  probing  signal  to  produce  lowpass  ln-phase  and  quadrature 
estimates  of  the  channel*  time-variant  impulse  response  at  a set  of  equally-spaced  delay 
samples.  This  set  of  time-varying  samples  is  digitized  and  recorded  on  magnetic  tape.  In 
playback,  the  reverse  operation  takes  place  - the  tape  is  played  back  into  a unit  that  un- 
packs the  samples,  filters  them,  and  D/A  converts  the  tape  information  into  the  lowpass 
ln-phase  and  quadrature  information  needed  to  drive  the  analog  complex  modulators  of  an 
analog  tapped  delay  line  model  of  the  channel. 

To  keep  the  system  complexity  reasonable,  provision  is  made  for  separately  and 
simultaneously  measuring  the  surface  multipath  starting  at  the  earliest  arriving  specular 
component  and  Ignoring  the  "empty"  region  between  the  direct/refractive  multipath  and  the 
surface  multipath.  By  using  this  procedure,  maximum  utilization  is  made  of  the  hardware  in 
measuring  and  reproducing  multipath. 

The  preceding  disc/usslon  introduced  some  of  the  basic  signal  processing  elements  in 
the  channel  playback  simulation  system.  However,  practical  utilization  of  this  system  re- 
quires the  incorporation  of  additional  features  for  the  LOS  channels  which  have  moving 
terminals  (GA,  AA,  AS).  The  changing  path  length  causes  both  a time  variation  in  path  loss 
and  a time  variation  in  mean  path  delay  for  the  direct  path,  refractive  multipath,  and 
surface  multipath.  To  handle  the  time-variant  delays,  two  tracking  loops  are  used  which 
adjust  the  timing  of  two  separate  PN  sequence  generators.  The  early  tracker  removes  the 
time-variant  group  delay  of  direct/refractive  multipath  group  while  the  late  tracker 
separately  removes  the  time-variant  group  delay  of  the  surface  multipath.  Frequently, 
refractive  multipath  will  be  absent  and  the  direct  path  alone  will  be  tracked  in  the  early 
group.  The  changing  path  delays  also  produce  Doppler  shifts.  A Doppler  tracking  loop  is 
provided  to  track  out  the  Doppler  shift  of  the  direct/refractive  multipath  group.1  Other- 
wise, the  output  lowpass  filters  would  have  to  be  made  very  wide  in  bandwidth  to  accom- 
modate this  Doppler  shift.  The  Doppler  shift  of  the  surface  multipath  group  will  differ 
from  that  oi  the  direct /refractive  multipath  group,  but  for  channel  measurement  with  air- 
planes flying  at  level  height,  the  differential  Doppler  will  be  at  most  10  - 20  Hz,  and  this 
shift  is  small  enough  to  be  absorbed  by  the  analyzer  lowpass  filter  bandwidth  ranges. 


*The  channel  Impulse  response  includes  all  terminal  equipment  filters. 

Actually,  different  frequency  and  time  error  discriminators  are  provided  for  tracking 
refractive  multipath  as  opposed  to  tracking  a resolvable  direct  path  in  order  to  optimize 
tracking  performance  under  the  fading  dispersive  conditions  of  refractive  multipath. 
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Therefore,  In  the  Interest  of  cost  savings,  no  separate  Doppler  tracker  Is  provided  for 
the  surface  multipath. 

In  channel  playback.  Ideally,  the  variable  delays  and  Doppler  shifts  should  be  rein- 
serted. It  has  been  found  prohibitively  expensive  to  provide  time-variable  delays  covering 
the  range  of  delays  required.  Moreover,  there  appears  no  need  to  have  this  feature,  from 
a modem  evaluation  point  of  view.  Differential  and  direct  path  Doppler  may  be  set  manually 
at  measured  values  recorded  In  the  log  of  the  flight  test.  Differential  delay  will  be 
fixed  but  manual ly-se lectable  from  a range  of  values.  Again,  information  from  the  log  of 
the  experiment  would  provide  suitable  values  for  this  delay.  Direct  path  delay  would  not 
be  reproduced  since  it  is  irrelevant  for  modem  testing.  Note  that  simply  setting  the  bit 
sync  clocks  at  different  rates  for  the  digital  modulator  and  demodulator  simulates  changing 
relative  path  delay. 

Path  loss  variation  will  be  significant  only  for  the  AA  and  GA  links  where  variations 
of  path  length  greater  than  10:1  may  occur  during  a channel  measurement  period,  causing  in 
excess  of  a 20-dB  variation  in  average  SNR  uuring  a measurement  interval.  To  make  maximum 
utilization  of  the  dynamic  range  of  the  analog  correlators  employed  in  the  analyzer,  an  ACC 
is  provided.  Since  the  path  loss  variation  will  be  slow,  a long-time  constant  is  provided 
in  the  ACC.  Cases  may  exist  where  the  fading  multipath  could  have  low  enough  frequency 
components  to  be  affected  by  the  ACC,  and  provision  is  made  for  recording  the  gain  varia- 
tions and  reproducing  them  in  the  channel  playback  by  means  of  a variable  attenuator. 

We  consider  now  the  synthetic  simulation  of  the  propagation  channel.  The  same  tapped 
delay  line  is  used  as  in  playback  simulation,  but  now  the  complex  tap  gains  must  be 
generated  synthetically. 

The  two  major  harmful  propagation  effects  that  require  some  complexity  in  implementa- 
tion are  refractive  and  surface  multipath.  From  a mathematical-statistical  point  of  view, 
these  two  propagation  effects  present  a study  of  contrasts.  The  refractive  multipath  con- 
sists of  a small  number  of  individual  paths  while  the  surface  multipath  (aside  from  a 
possible  specular  component)  consists  of  a very  large  number  of  small  diffuse  scattered 
components  and  has  a continuous  type  of  representation. 

From  a statistical  point  of  view,  the  refractive  multipath  is  far  more  nonstationary 
than  the  surface  scatter.  Consider  an  AG  link.  As  the  airplane  passes  near  the  layer  of 
steep  negative  gradient  in  refractive  index  which  causes  the  refractive  multipath,  multiple 
ray  paths  appear,  move  in  delay  relative  to  one  another,  coalesce,  disappear,  and  new  paths 
appear.  As  discussed  in  [231,  the  amplitudes  and  delays  change  much  slower  than  the  rela- 
tive phases.  Compare  this  behavior  with  the  surface  scatter  in  an  AS  link.  The  airplane 
antenna  is  illuminating  (through  a main  or  sidelobe)  a large  portion  of  the  surface  of  the 
earth.  Many  small  reflections  occur  from  the  surface,  and  the  law  of  large  numbers  gives 
some  statistical  regularity  to  the  continuum  of  multipath  components.  No  abrupt  changes 
will  be  noticed  unless  the  terrain  or  airplane  antenna  orientation  changes  abruptly.  Over 
the  ocean,  statistical  regularity  will  be  the  rule  rather  than  the  exception. 

It  may  be  shown  [33]  that,  as  the  reciprocal  channel  bandwidth  to  be  characterized 
becomes  small  compared  to  the  multipath  spread  in  surface  or  volume  scatter,  the  tapped 
delay  line  model  of  the  channel  approaches  the  case  in  which  the  tap  gains  are  complex 
Gaussian  and  Independent.  This  is  the  basic  model  employed  for  synthetic  simulation  of 
surface  multipath.  The  complex  Gaussian  weights  are  obtained  by  filtering  pseudo-random 
sequences . 

Since  the  tapped  delay  line  model,  with  taps  spaced  1/W  seconds  apart  and  complex 
weights,  provides  a perfectly  general  representation  for  a linear  operation  over  a band- 
width W,  it  is  possible  to  find  a mathematical  relationship  between  the  delay  and  amplitude 
of  a discrete  set  of  paths  and  the  complex  weights  in  a tapped  delay  line  model.  This 
relationship  is  implemented  with  the  aid  of  a small  computer  whose  input  is  a tape  pro- 
viding the  time-varying  path  delays  and  amplitudes  associated  with  the  refractive  multipath 
of  a given  AA/AG/GC  scenario.  The  calculated  tap  weights  are  continually  generated  by  the 
computer  and  fed  as  control  inputs  to  the  tapped  delay  line  complex  modulators.  Continuous 
movement  of  up  to  seven  discrete  paths  is  provided  with  the  software. 

The  computer  also  generates  the  ionospheric  scintillation  modulation.  The  model  used 
involves  independent  Gaussian  noises  of  different  strengths  on  the  in-phase  and  quadrature 
Inputs  of  the  complex  modulator  together  with  a specified  nonfading  component  on  the  in- 
phase  part. 

4.  PROBE  R / AN  Al.YZF.R  / SIMULATOR  SYSTEM  FEATURES 

This  section  summarizes  the  basic  features  of  the  Prober/Analyzer/Simulator  system. 

We  consider  the  prober/analyzer  first. 


The  prober /ana Ivzer  has  several  classes  of  operating  modes: 

• Characterization  Bandwidth  Modes 

• IF  Frequency  Modes 

• Integration  Time  Modes 

• Correlator  Grouping  Modes 

• Tracking  Modes 

• Cain  Control  Modes 

Characterization  bandwidths  of  25  and  100  MHz  may  be  selected.  In  the  25-MHz  case, 
an  IF  frequency  of  70  MHz  only  can  be  selected,  while  in  the  100-MHz  case  either  300  MHz 
or  700  MHz  can  be  selected.  It  Is  Important  to  note  that  the  quoted  bandwidth  characteri- 
zation, e.g.,  100  MHz,  Is  not  a nominal  characterization  but  a precise  characterization  In 
the  sense  that  the  system  provides  essentially  transparent  performance  over  this  bandwidth 
as  far  as  modem  error  rate  reproducibility  Is  concerned  in  channel  playback.  (Of  course, 
this  statement  Is  subject  to  the  requirement  that  sufficient  SNR  is  available  during  mea- 
surement and  that  the  Doppler  and  multipath  spread  do  not  exceed  the  design  values.) 

Separate  IF  channelizing  filters  must  be  switched  in  for  the  25-  and  100-MHz  bandwidths  to 
limit  alias  crosstalk  due  to  the  sampling  of  the  impulse  response  and  also  separate  equali- 
zing filters  must  be  switched  into  the  simulator  in  the  playback  mode  to  counteract  the 
coloring  of  the  prober  spectrum.  The  probing  signal  in  the  case  of  100-MHz  characterization 
consists  of  a pseudo-random  (0,180°)  sequence  with  chip  period  Aq  of  10  ns,  i.e.,  a 
100M  chips/second  rate,  while  in  the  25-MHz  characterization,  A- 40  ns  and  the  chip  rate 
is  25M  chips/second . A sequence  length  of  2047  is  used  in  the  100-MHz  mode  providing  a PN 
sequence  period  of  20.47  (is,  while  in  the  25-MHz  mode,  a sequence  length  of  511  is  used 
providing  a PN  sequence  period  of  20.44  (is. 

Analog  lntegrate-and-dump  takes  place  over  exactly  one  PN  sequence  period  at  the 
correlator  output.  Further  integration  is  done  digitally  by  summing  successive  analog 
I&D  outputs.  It  is  convenient  in  discussing  system  performance  to  define  six  modes  of 
operation  I -VI,  as  indicated  on  Table  l,  for  the  various  values  of  total  integration  time 
T possible  for  the  system,  where  T-I  Tq,  1-1,2,4,8,16,32. 

Table  2 presents  the  recording  time  and  tape  speed  for  a roll  of  instrumentation  tape 
for  each  mode  I -VI  listed  in  Table  1.  Note  that  because  of  the  approximately  20-ps  period 
of  the  PN  sequence,  an  ambiguity  in  multipath  delay  will  occur  for  paths  delayed  from  the 
direct  path  more  than  20  (is . This  20-jis  ambiguity  does  not  constitute  a real  limitation  to 
collection  of  data  by  the  system  because  long  differential  delays  occur  only  in  the  AS 
channel  for  which  the  multipath  spread  is  predicted  to  be  much  less  than  20  (is.  The  dif- 
ferential delay  can  be  computed  fairly  accurately  for  the  radio  link  geometry  so  that  one 
may  avoid  foldover  effects  for  multipath  near  the  20-(is  boundary.  In  addition,  it  is  only 
at  low  grazing  angles  that  any  multipath  is  predicted,  and  for  these  grazing  angles  the 
differential  delay  will  be  smaller  than  20  (is. 

As  discussed  above,  the  channel  multipath  structure  will  consist  of  either  a single 
group  of  paths  or  two  groups,  depending  on  the  simultaneous  existence  of  refractive  and 
surface  multipath.  Flexibility  exists  within  the  analyzer  to  apportion  one  subset  of  the 
correlators  to  the  early  multipath  group  and  one  subset  to  the  late  multipath  group.  How- 
ever, for  playback,  the  early  group  must  consist  of  no  more  than  eight  taps  in  the  100-MHz 
mode  (and  two  taps  in  the  25-MHz  mode*)  because  of  the  physical  construction  of  the  simula- 
tor. In  this  split  mode  of  operation,  52.5  ns  of  refractive  multipath  (including  the 
equipment  channel)  can  be  measured.  A direct  path  is  separately  measurable  when  there  is 
no  refractive  multipath,  leaving  31  samples  to  characterize  the  surface  multipath. 

The  direct  path  and  surface  multipath  are  separately  tracked  in  delay  while  only  the 

Doppler  shift  of  the  direct  path  is  tracked.  Calculations  of  differential  Doppler  for 

collection  of  data  in  level  flight  show  that  it  is  small  enough  to  be  handled  by  the  band- 
widths  used  in  measuring  the  tap  gains.  When  refractive  multipath  is  present,  the  fading 
distortion  can  affect  operation  of  the  coherent  direct  path  tracking.  Consequently,  alter- 
nate delay  and  Doppler  error  discriminators  more  tolerant  to  multipath  and  fading  are  pro- 
vided and  may  be  selected  when  refractive  multipath  is  being  tracked. 

Due  to  the  fact  that  the  path  length  can  change  significantly  during  a collection 
interval  of  30  minutes  for  AA  and  AC.  links,  the  received  signal  strength  can  vary  signifi- 
cantly during  a run,  say,  20  dB.  Two  modes  of  gain  control  are  provided,  manual  and 

automatic,  both  over  a range  of  60  dB . In  the  AGC  mode,  a long  time  constant  is  used  to 

attempt  tracking  only  the  slow  path  loss  variations.  However,  refractive  multipath  can  vary 
slowly  and,  to  avoid  any  possible  distortion  caused  by  tracking  out  refractive  multipath 


Because  of  equipment  impulse  response  spreading,  the  use  of  two  taps  to  represent  a multi- 
path  group  appears  risky.  Thus  it  may  be  preferable  not  to  use  the  25-MHz  mode  when  both 
refractive  and  surface  multipath  occur. 


fluctuations,  the  automatic  gain  fluctuations  are  recorded  cm  tape  and  reproduced  by  a 
variable  attenuator  In  the  channel  playback  process. 


Additional  features  In  the  analyser  Include  a received  signal  level  (RSL)  Indicator 
with  a LED  numeric  display,  a multipath  signal  display  showing  the  correlator  I6J)  out- 
puts on  an  oscilloscope,  and  a differential  path  delay  Indicator  with  a LED  numeric 
display.  Direct-path  Doppler  may  be  estimated  from  the  vernier  on  the  Doppler  tracking 
VCXO.  There  Is  also  an  Indication  for  overflow  of  the  A/D  converters  and  under-driving  of 
the  correlators. 


The  simulator  has  several  modes  of  operation.  As  far  as  control  of  the  complex  modu- 
lators Is  concerned,  there  are  five  basic  modes  of  operation,  each  one  of  which  may  be 
Independently  selected  for  each  complex  modulator  Input: 

• Playback 

• Computer  Control 

• Synthetic  Complex  Gaussian 

• Calibrate  Check 

• External  Modulation 

The  playback  mode  derives  Its  complex  modulator  input  from  playback  of  the  recorded  multi- 
path  analyzer  outputs.  When  this  mode  Is  used,  an  analog  equalizer  must  be  switched  In  to 
compensate  for  the  non-white  prober  spectrum.  In  addition,  as  pointed  out  above.  If  the 
ACC  mode  is  used  in  the  analyzer,  then  a gain  voltage  will  be  played  back  to  control  an 
output  attenuator. 

Any  set  of  complex  modulator  inputs  may  be  controlled  by  the  PDP-11/04  minicomputer 
provided  with  the  simulator.  This  computer  can  provide  simulations  of  refractive  multipath, 
Ionospheric  scintillation,  specular  components,  arbitrary  complex  fixed  filters,  and  special 
programs  for  checking  out  the  tap  modulators  and  D/A  converters.  The  simulation  of  refrac- 
tive multipath  utilizes  the  minicomputer  to  prepare  digital  tapes  of  relative  amplitudes  and 
delays  of  discrete  multipath  components  vs.  time,  corresponding  to  a particular  scenario  of 
Interest.  This  tape  is  played  back  by  the  minicomputer  so  that  It  may  generate  the  complex 
modulator  time-variant  gains  corresponding  to  that  scenario.  Ionospheric  scintillation  Is 
modeled  by  use  of  programs  to  generate  pseudo-random  Gaussian  modulations. 


Special  hardware  generates  the  pseudo-random  complex  Gaussian  noise  tap  modulation 
used  to  model  surface  multipath.  The  rms  Doppler  spread  of  this  noise  is  selected  at  the 
front  panel  In  the  range  0.1  Hz  to  1 kHz.  This  noise  can  be  reset  to  the  same  starting 
point.  A very  long  PN  sequence  (shift  register  length  52)  is  used  to  provide  an  accurate 
Gaussian  probability  density,  and  the  period  of  the  PN  sequence  is  very  much  longer  than 
any  measurement  interval  of  Interest. 

In  the  calibrate  mode,  each  tap  may  be  set  to  one  of  four  phases,  0,  180°,  90°,  -90°, 
or  OFF  manually.  By  sending  a test  signal  Into  the  simulator  and  examining  the  system  out 
put  for  each  separate  modulator,  it  is  possible  to  check  directly  on  the  complex  modulator 
performance.  This  check,  in  conjunction  with  similar  tests  directed  from  the  minicomputer 
can  be  used  to  Isolate  and  verify  performance. 


Finally,  there  is  an  external  modulation  mode  where  the  in-phase  and  quadrature  com 
ponents  of  any  tap  complex  modulator  may  be  controlled  by  an  external  modulation  source. 


There  are  two  basic  differential  delay  options:  a short  differential  delay  for  AA  and 
AG  links,  and  a long  differential  delay  for  AS  links.  The  value  of  the  short  differential 
delay  may  be  selected  from  the  values  100,  200,  300,  and  400  ns,  while  the  long  differential 
delay  may  be  selected  from  the  values  4.1,  8.1,  12.1,  and  16.1  ps . 


Figures  2,  3,  and  4 show  photographs  of  the  fabricated  system.  Figure  2 shows  the 
prober,  Figure  3 the  multipath  analyzer,  and  Figure  4 the  simulator.  The  analog  and  RF 
signal  processing  elements  are  in  a double-bay  rack  cabinet  along  with  the  digital  signal 
sources  for  synthetic  surface  scatter  multipath  generation  and  test  modes.  The  computer 
and  playback  tape  signal  sources  are  in  a second  cabinet. 
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Tabic  1 


Definition  of  Some  Modes  of  Operation  of  Prober/Analyrer 


Mode 

Characteri- 

zation 

Bandwidth 

(MHz) 

PN  Sequence 
Length 

Samples 
Integrated 
Prior  to 
Recording 

I 

100 

25 

2047 

511 

1 

II 

100 

25 

2047 

511 

2 

III 

100 

25 

2047 

511 

4 

IV 

100 

25 

2047 

511 

8 

V 

100 

25 

2047 

511 

16 

VI 

100 

25 

2047 

511 

32 

Table  2 Differential  Delay  Ambiguity,  Recording  Capability,  and  Tape  Speed 

for  Each  Mode 


Mode 

Unambiguous 

Delay 

Resolution 
(Nearest  jis) 

Recording 
Duration  of 
One  Roll  of 
Tape 

Tape 

Speed 

I 

20 

Ms 

15  mins 

120  ips 

II 

20 

Ms 

30  mins 

60  ips 

III 

20 

MS 

60  mins 

30  ips 

IV 

20 

MS 

2 hrs 

15  ips 

■D 

20 

Ms 

4 hrs 

7 Vi  ips 

VI 

20 

MS 

8 hrs 

3S4  ips 

I 


13-1 


TECHNIQUE  DE  SONDAGE  ELECTROMAGNET1QUE  PAR  ECHANTILLONNAGE 
SPATIO  FREQUENC1EL  DES  SIGNAUX  DE  RECEPTION.  APPLICATION 
A L'ETUDE  DES  INHOMOGENEITES  DU  PLASMA  IONOSPHERIQUE 

ELECTROMAGNETIC  SOUNDING  TECHNIQUE  USING  SPATIAL  AND  SPECTRAL 
SAMPLING  OF  THE  RECEPTION  SIGNALS,  APPLICATION  TO  THE  STUDY  OF 
INHOMOGENEITIES  IN  IONOSPHER  1C  PLASMA 


par 


C.Goutelanl,  J .Cara tori  et  A.Joisel 
Laboratoire  <J ‘Etude  des  Transmissions  lonospMrkjues 
University  Paris-Sud 
9 avenue  dc  la  Division  Leclerc 
94230  Cachan,  France 


RESUME 


L'ytude  des  propriety s de  diffusion  du  plasma  ionosphy rique  est  li£e,  notamment, 
aux  inhomog£n£it£s  de  la  density  d'^lectrons  libres. 

L'ytude  de  ces  inhomogynyity  s peut  se  faire  par  diffyrentes  mythodes,  mais  il  est 
toujours  nycessaire  de  disposer  de  systbmes  de  mesure  trie  sensibles. 

La  mythode  de  sondage  par  rytrodiffusion  est  une  technique  utilisable  qui  nycessite 
des  installations  importantes.  Elle  peut  devenir  extrlmement  intyressante  si  on  lui  adjoint  un 
principe  de  double  ychantillonnage  temps  fryquence  portant  Ua  fois  sur  le  signal  demission 
et  sur  le  signal  de  rycejtion. 

Un  ensemble  utilisant  ce  principe  a yty  ryalisy  et  permet  d'effectuer  s implement  des 
mesures  d'une  grande  sensibility  et  d'une  grande  prycision.  Des  ^solutions  fr^quentielles 
pouvant  dypasser  0,01  Hz  sont  couramment  atteintes,  bien  que  les  points  de  mesure  soient 
effectuys  toutes  les  0,05  secondes.  Les  ^solutions  temporelles  ne  sont  limityes  que  par  des 
aspects  technologiques. 

Cette  technique  est  utilisye  dans  les  sondages  ionosphy riques  par  rytrodiffusion 
et  permet  de  mettre  en  yvidence  des  inhomogynyitys  de  faibles  valeurs  du  plasma  ionosphyrique 
ainsi  que  certalnea  modifications  locales  de  courte  durye  telle*  que  les  trainyes  ionisyes 
cryes  par  les  mytyorites. 

Cette  mythode,  utilisable  ygalement  pour  l'ytude  des  milieux  diffusants  autres  que 
l'ionosphy re,  prysente  surtout  l'avantage  d'assurer  une  trbs  grande  protection  vis  -k-vis 
des  brouillages  . On  atteint  couramment  70  dB  de  ryjectioiyet  d'offrir  des  mesures  trbs 
prycises  avec  des  points  de  mesure  fryquents. 

SUMMARY 


The  study  of  diffusion  properties  of  ionospheric  plasma  is  connected  in  particular 
to  inhomogyneities  of  the  density  of  free  electrons. 

The  study  of  these  inhomogeneities  may  be  carried  out  by  different  methods,  but 
it  is  always  necessary  to  use  very  sensitive  measuring  systems. 

The  backscatter  sounding  method  necessitates  important  installations.  This 
technique  may  become  very  interesting  if  used  in  conjonction  with  a time  and  frequency 
sampling  principe  bearing  on  both  the  emission  and  reception  signals. 

A sounding  station,  using  this  principle,  has  been  constructed.  Very  accurate 
and  precise  measurements  may  be  readely  obtained.  Frequency  resolutions  better  than 
0,01  Hz  are  usualy  reached  although  measurements  points  are  separated  by  only  0,05  s. 
Spatial  resolutions  are  only  limited  by  technological  aspects. 

This  technique  is  used  in  backscatter  ionosphy  ric  soundings  and  allows  low  value 
inhomogeneities  in  ionospheric  plasma  to  be  revealed,  as  well  as  certain  brief  local  changes 
such  as  ionized  meteor  trails. 

The  main  advantage  of  this  method,  wich  may  also  be  used  for  the  study  of  other 
diffusing  medium  than  the  ionosphere,  is  to  assure  great  protection  against  jamming  - a 
70  dB  rejection  is  commonly  obtained  - and  to  permit  great  precision  even  for  measurements 
at  very  short  intervals. 
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1 - INTRODUCTION 


Lee  canaux  de  t ranamisaion  i caractl riatiques  allatoires  non  atationnaires 
aont  aouvent  caractlrie£a  par  leur  rlponse  Impulaionnelle.  Lea  milieux  de  tranamiaalon 
aibgea  de  phlnomfenea  de  diffuaion  ae  claaaent  dana  cette  cat^gorie.  La  caractlrisatlon 
de  cea  milieux  peut  ae  faire  de  fa^on  expl rimentale  par  l'lmlaeion  d'ondea  modullee  en 
impulaiona  et  par  la  reception  de  ce  signal  aprj-a  aon  tranafert  i travera  le  canal.  On 
obtient  alora  directement  la  r£ponae  Impulaionnelle  du  milieu  maia  cette  mlthode 
claaaique  impoae  aouvent  dea  puiaaancea  d'lmisaion  importantca  et  ne  fournit  qu'un 
Ichantillonnage  dea  variationa  de  la  r^ponse  impulaionnelle.  D'autrea  methodes  peuvent 
?tre  utilislea  pour  pallier  cea  inconvenient  a.  Ellea  ae  rattachent  h dea  techniques  de 
compression  d'impulsion  (1)  (2)  qui  permettent  de  diminuer  la  puissance,  ou  & dea 
techniques  de  codage  d'cmiaaion  continue  (3)  qui  ae  trouvent  limitles  par  la  stationnaritl 
du  milieu  et  demandent  dea  antennes  d'£mission  et  de  reception  d^coupleea. 

La  methode  proposee  dana  cet  expose  repose  aur  le  principe  d'emiasion 
d'impulalona  longues  codees  en  phase,  maia  elle  eat  aaaociee  i une  technique  de  double 
echantillonnage  qui  permet  de  ae  liberer  de  la  condition  de  stationnarite  neceasaire  dans 
lea  autrea  methodes. 

Cettemethode  a ete  appllquee  dana  le  cadre  du  aondage  de  l'ionoephfcre 
et  eat  exposes  dana  ce  sens.  Elle  eat  applicable  directement  ^ tout  autre  milieu  & 
caracte riatiques  aieatolres  non  stationnairea. 

L'etude  dea  inhomogenoitea  du  plasma  ionoapherique,  presente  un  grand 
interSt,  non  settlement  au  point  de  vue  geophyaique,  mala  auaai  pour  lea  telecommunications. 

L'lnvestigation  systematique  de  l'ionosph^re  a'effectue,  encore  de  nos 
jours,  principalement  par  l'intermediaire  de  stations  de  aondage  terrestres.  Le  principe 
utilise  conaiste  it  observer  lea  facteurs  affectant  une  onde  de  caracte  riatiques  connuea, 
contrSiee  par  un  ensemble  d'emetteur  ricepteur  etalonne  (ou  sondeur).  L'ionoaph^re 
modifla  : l'amplitude,  la  phase  et  la  polarisation  de  I'onde  de  test,  maia  elle  affecte  aussi 
aa  trajectoire,  done  son  tempa  de  propagation  et  son  angle  d'arrive*. 

Le  type  de  sondeur  le  plus  repandu  eat  le  sondeur  It  impulsions  dont  on  peut 
distinguer  deux  classea, 

a - Lea  sondeurs  monostatiques  : l'emetteur  et  le  rlcepteur  aont  rlunis  en  un 
mime  lieu.  L'enaemble  fonctionne  comme  un  radar  dont  la  cible  peut  fitre  : 

- l'ionoaphfere,  e'est  le  cas  dea  sondeurs  alnithaux  qui  aont  lea  plus  rlpandus 
car  lea  plus  simplea  & mettre  en  oeuvre 

- le  sol,  e'est  le  caa  dea  sondeurs  <t  retrodiffusion. 

b - Lea  sondeurs  biatatiquea  : l'emetteur  et  le  r<cepteur  aont  lloignls  l'un  de 
l'autre,  ce  qui  nlcessite  dea  diaposltifs  complexes  de  aynchronisation. 

L'#miaaion  peut  6tre  : 

- soit  impulaionnelle,  en  utilisant  Iventuellement  la  compreasion  d'impulalona 
(4).  Cette  technique  permet  la  meaure  : dea  modea  de  propagation,  du  tempa 
de  propagation,  de  l'amplitude,  de  l'angle  d'arrivle  de  la  polarisation,  du 
fading  et  du  doppler, 

• soit  selon  la  technique  " chirp  sounding  " (3)  qui  permet  la  meaure  dea 
mlmea  paramHres  que  prfcfdemment  A 1'exception  de  la  polarisation  du 
fading  et  de  l'effet  doppler.  Oe  plua,  la  dispersivitl  du  milieu  introduit 
dea  erreura  de  mesure  systlmatiques. 
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Dee  mEthodee  exietcnt  qui,  & partir  de  eondagea  & frequence  variable, 
permettent  de  remonter  au  profil  d'ioniaation  moyen  de  1'ionoaphEre,  ou  4 l'indice  de 
refraction  ; c'eat  en  particulier  le  caa  pour  lea  aondagea  xEnithaux  qui,  grCce  au  nombre 
de  atationa  InatallEea  It  travera  le  monde  permettent  l'Elaboratlon  dea  prEvieione  h long  terme. 

L'Etude  dea  perturbationa  ionoaphe riquea  peut  ae  faire  par  cea  mEthodee  de 
aondage  , maia  le  aondeur  par  rEt rodlffuaion  eat  particuliErement  bien  adapts  & ce  genre 
d'Etudea  a 'll  poaaEde  une  antenne  It  lobe  Etroit  et  orientable  (5).  On  peut  alora  localiaer  lea 
phEnomEnea  et  en  meaurer  lea  dimenaiona  et  la  viteaae  devolution. 

Cependant,  la  mlae  en  oeuvre  du  aondeur  It  rEtrodiffuaion  & impulaion 
nEceaalte  dea  pulaaancea  d'Emlaeion  conaidErablea  (aupE.ieurea  ou  Egalea  It  100  kW)  compte 
tenu  de  l'affaibliaaement  important  aubi  par  I'onde  3t  la  rEtrodiffuaion  (de  l'ordre  de  100  dB) 

(6)  , et  du  rapport  aignal  & bruit  nEceeeaire  pour  une  reception  convenable.  On  peut  diminuer 
la  puiaaance  crBte  d'Emiaaion  par  dea  technlquea  de  compreaaion  d'impulaion  (1)  ou  par  1* 
utiliaation  de  la  technique  "chirp"  qui  cependant  interdit  la  meaure  de  certaina  paramEtrea  et 
introduit  dea  erreura  de  meaure  ayatEmatiquea. 

II  eat  poaaible  par  l'utiliaation  d'impulaion*  longuea  codEea  de  rEaliaer  un 
ayetEme  qui  aaaocie  lea  qualitEe  dea  technlquea  de  compreaaion  d'impulaiona  et  de  chirp  aana 
en  avoir  lea  inconvEnienta.  Cette  mEthode  repoae  aur  le  choix  d'un  aignal  d'Emiaaion,  ou 
aignal  teat  adapts  au  canal  ionoephE rique  et  aur  la  poeaibllitE  d'un  double  Echantillonnage  du 
aignal  de  reception,  dan  a lea  domainea  temporel  et  frEq.ientiel.  Son  intertt  vient  du  fait  que 
la  rEponee  impuleionnelle  eat  dEduite  de  la  meaure  direcic  de  la  fonctlon  de  repartition.  En 
effet,  dana  lea  eyatEmea  de  meaure  directe  de  la  rEponee  te."”>orelle,  la  durEe  de  la  meaure 
eat  limitEe  par  la  atationnaritE  d'ordre  1 du  canal  alora  qu<  » la  meaure  de  la  fonctlon  de 
repartition,  cette  duree  n'eat  limitee  que  par  la  atationnarite  u‘ordre  2. 

2 - CHOIX  D'UN  SIGNAL  DE  TEST  ADAPTE  AU  CANAL  IONOSPHERIQUE 

2.1  Caracteriatiquea  du  canal  ionoapherique 

Lea  caracteriatiquea  radio  etectriquea  de  1'ionoaphEre  aont  lieea  A aon  indice 
de  refraction  complexe  "n"  donne  par  la  formule  d'APPLETON  et  HARTREE  (7).  L'indice  eat 
une  fonction  du  lieu,  du  tempa  et  de  la  frequence  que  l'on  peut  noter  : 

n = n (x,  y,  a,  t,  f, ) (1) 

Comme  l'indice  depend  auaai  d'un  double  eigne,  il  apparait  que  le  plaama 
magnEtiaE  qu'eat  1'lonoaphEre  eat  31  la  foia  : abaorbant,  diaperaif,  birefringent,  heterogene 
et  non  etationnaire.  D'autre  part,  dana  la  meaure  oh  lea  pulaaancea  miaea  en  jeu  , ne 
depaaaent  paa  une  centaine  de  kilowatt*,  on  peut  admettre  que  le  milieu  eat  Uneaire.  Enfin, 
compte  tenu  de  la  denalte  d'occupatlon  du  apectre  HF,  le  niveau  d'interference  eat  trEa 
important  et  generalement  bien  auperieur  au  niveau  du  bruit  atmoaphe rique  ou  induatriel. 

Pour  le  aondeur  qui  Emet  le  aignal  de  teat  x (t)  et  per;oit  le  aignal  re^u  y (t) 
le  canal  ionoapherique  eat  Equivalent  h un  quadripSle  linEaire,  diaperaif,  non  etationnaire 
et  trEa  bruitE. 


da. 

but  x(t) 


Signal 


Figure  1 


Loraque  x (t)  eat  un«  Impulsion  de  Dime  , la  aondeur  mtiun  la  reponae  lmpulaionnelle  du 
canal.  L'ionoaph^re  etant  non  atationnalra,  cattc  reponae  depend  non  aeulemant  du  tempa  t 
mala  auaai  da  1'lnatant  d'emlaaion  9 de  x (t)  (8),  c'aat  l dire  qua  ai  : 


alora 


Comma  la  canal  eat  llnlaire,  on  paut  dlcompoaer  la  algnal  re;u  en  un 
aignal  utile  yu  at  un  algnal  paraaite  b,  at  dcrlre  : 


11  eat  Important  de  noter  qua  ce  algnal  depend  auaai  du  material  utilise  : 
rdeepteur,  antennae,  at  qua  ce  qui  aat  effectivement  meeurl  par  la  aondeur  c'aat  la  reponae 
lmpulaionnelle  du  ayattme  "ionoephbre -aondeur".  Dana  la  prr'ique,  l'lmpulaion  de  Dirac 
eat  remplacde  par  une  impulaion  HF  da  frequence  Fe  at  de  c rt e durae. 


Lora  de  aon  tranait  dana  l'ionoaphtre,  l'lmpulaion  de  teat  eubit  \ la  foia 


une  dlaperalon  apatlale  due  It  l'inhomoglneitl  at  1 la  diaperaivite  du  milieu 
une  dlaperalon  frlquentlelle  due  k aa  non  etationnaritl. 


Cat  aflat  diaperaif  eat  ddcrlt  par  la  "fonction  de  repartition"  (auaai  appeiee 
"fonction  de  diffuaion"  ou  "acattering"  ) (9)  : D (id, TO.  qui  reprlaente  l'amplltude  complexe 
0-  de  la  rdponae  lmpulaionnelle  en  fonction  du  tempa  de  propagation  'T  et  de  la  frequence 
doppler  fd  = Fr  - Fe,  oil  Fr  eat  la  frequence  inatantanee  du  algnal  re;u  ( Figure  2). 


AmaUud* 


Tan^t  dt  ^ra^ajati 


DvWtrxnil  msdtt 
de  rr*r*jttum. 


La  fonction  de  repartition  caractlrise  le  canal  & un  instant  donne  et  pour  une 


frequence  donn«4e.  Sa  projection  sur  l'axe  des  temps  donne  la  reponse  impulsionnelle  du  canal, 
tandis  que  sa  projection  sur  l'axe  des  frequences  donne  le  spectre  doppler  de  ce  signal.  Sa 
mesure  est  done  bien  plus  riche  en  informations  que  la  simple  mesure  de  la  reponse 
impulsionnelle. 

2.1  Mesure  de»  carscterisliquct  du  canal  lonosphf  nque 

Les  caracteristiques  du  canal  ionosphtfnquo  sont  entierenient  contenucs  dans  la  fonction  dc 
repartition,  e'est  done  cette  grandeur  qu'il  faut  mesurer.  Pour  obtenir  un  point  de  la  fonction  de  repartition,  il  est 
necesaairc  de  mesurer  trois  parametres: 

- temps  de  propagation 

- fd  frequence  doppler 

- A amplitude  (ou  energie)  de  1'echantiUon  de  coordonnees  ("C  , fd) 

En  pratique,  la  mesure  de  ces  parametres  est  entachee  d'incertitude.  Nous 
noterons  : A T , £ fd  et  A A les  resolutions  en  temps,  frequence  et  amplitude  du  systemc 
de  mesure. 

Dans  la  suite,  ces  parametres  seront  appeies  " parametres"d'analyse",  tandis  que  X , fd 
et  A seront  appeies  " parametres  principaux  " 


Figure  3 

Le  canal  ionospherique  fixe  les  limites  des  parametres  d'analyse  qui  sont 
lies  au  signal  de  test  et  determine  ses  caracteristiques  : 

a - une  bonne  resolution  temporelle  necessite  l'utilisation  de  signaux  A spectres 
etendus.  La  limitation  est  introduite  par  la  dispersivite  du  canal  ionospheri- 
que qui  fixe  la  bande  utilisable  A environ  SOkHs.  Nous  avons  adopte  cette 
valeur  comme  une  limite  qui  fixe  la  resolution  temporelle  maximale 
theorique  A X = 20  $ ioj,  une  resolution  spatiale  egale  A 6 km. 

b - dans  les  systfemea  classiques,  la  stationnarite  d'ordre  1 limite  la  duree 
de  la  mesure,  done  la  resolution  frequentielle.  La  duree  de  la  mesure  est 
alors,  en  retrodiffusion,  limitee  A 1 seconde.  Au  contraire,  dans  la  mesure 
directe  de  la  fonction  de  repartition,  la  duree  de  la  mesure  est  limitee 
par  la  stationnarite  d'ordre  2.  La  duree  du  signal  de  test  peut,  dans  ce  cas, 
Jtre  portee  A plusieurs  minutes.  La  resolution  en  frequence  maximale 
peut  done  Strode  l'ordre  de  quelques  millifemes  de  Herts. 


c - La  resolution  en  amplitude  est  li<e  au  rapport  signal  / bruit  du  signal 
detect^  et  1 la  dynamique  propre  du  r^cepteur.  Le  rapport  signal  / bruit 
etant  une  fonction  directe  de  1'lnergie  6mise  pour  une  mesure.  La 
possibilite  d'accroitre  la  durle  du  signal  test  permet  d'atteindre  avec  de 
faibles  puissances  d'lmisaion  de  tr^s  bons  rapports  signal/bruit.  Dans  les 
applications  courantes  une  dynamique  de  40  dB,  soil  A A = 1%  est  jugle 

convenable. 

11  apparait  que  les  paramHres  d'analyse,  done  la  resolution  du  syst^me, 
dependent  presque  exclus  ivement  des  proprietes  du  canal  ionosphe rique.  Au  contraire,  la  gamme 
de  variation  des  paramHres  principaux  ne  depend  que  du  type  de  sondage  envisage.  Le  tableau 
ci-dessous  indique  dans  chaque  cas  la  gamme  necessaire  : 


Type  de  sondage 

Paramitres  " > 

Principaux 

Zenithal 

Bistatique 

Ret  rodiffusion 

l emps  de  propagation 

IP 

0 4 10  ms 
(1500  km) 

0 4 20  ms 
(6000  km) 

0 4 100  ms 
(15000  km) 

Frequence  doppler 
fd 

! ^ . Hz 

± IV  Hz 

± VI-  Hz 

Amplitude  A 
(ou  dynamique) 

dyn.  20  dB 

dyn.  20440dB 

dyn.  min.  40dB 

Figure  4 


Certaines  perturbations  passag^res,  commes  les  meteorites,  peuvent 
provoquer  un  doppler  trfcs  important,  dont  l'obse rvation  et  la  mesure  necessitent  une  gamme  de 
frequence  d'analyse  de  plusieurs  dizaines  de  Hertz. 

Pour  couvrir  l'ensemble  des  cas  possibles  il  faut  done  disposer  d'un  syst^me 
possedant  les  caracteristiques  suivantes  : 

- gamme  de  temps  de  propagation  : 0 4 100  ms,  resolution  : 20 

- gamme  de  frequence  doppler  : - 10  4 + 30  Hz,  resolution  ^ 40  ' Hz 

- dynamique  A A/A  : 40  dB  minimum 


2.  3 Choix  du  signal  de  test 

Le  canal  ionospherique  impose  pour  le  signal  test  un  spectre  dont  l'etendue 
n'excede  pas  SO  kHz  et  une  duree  comprise  entre  plusieurs  secondes  et  plusieurs  minutes. 

II  s'ensuit  que  la  reception  d'un  tel  signal  ne  peut  Ctre  effectuee  que  par  un 
recepteur  du  type  4 correlation,  qui  elabore  la  fonction  : 


C o), 


(t  - to,  )•  y 10  • 4** 


CM 


...A.. 
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- f4  repr^aente  la  translation  dans  le  domaine  frequentiel  du  signal  de  reference 
-'Co  rspr^sente  la  translation  temporelle  du  signal  de  reference 

- T represente  la  dur^e  du  signal  de  test 


Le  signal  re<;u  est  defini  i partir  de  la  fonction  de  repartition  par  la  relation  : 

a(t)  - XX 


oil 


oil 


X (f)  est  la  tramformie  de  Fourier  du  signal  de  test  x (t),  et  et  l'expression  (4)  peut 
se  melt  re  sous  la  forme  : 


(*o,  fie)  ~ Cxyi  (*o,fio)  dfj 

C Xjfc  Uc,  fie)  = X (t-  Koj  fie).  y±  (t,  X»,  ?i).  dt 


En  remplafant  dans  cette  expression  yi  (t,l,fd)  par  sa  valeur  et  en  inversant  les  ordres  d' 
integration,  il  vient  finalement  : , _ , 

C,yi(^A)*  X«.X*(* JF 


La  fonction  Cxy  (X^,  fdo)vaut  alors  : 


oil 


V w "i  iuo/vam  diurs  ; 

C,y (•*.,»•)=  ^ 

B(»,&)  = X(f).  X‘(PvF).e'''‘i(fvF)8  JP 


Cette  fonction  qui  ne  depend  que  du  signal  peut  se  mettre  sous  la  forme  : 

A(e,F) » 

est  appeiee  fonction  d'ambiguite  du  signal. 


La  meture  de  l'echantillonnee  de  D (fd,  £ ) pourrait  se  faire  avec  un  signal 
dont  la  fonction  d'ambiguite  serait  Ao  ( F ) telle  que  : 

A.(*,F)«  *(e).  TS(J) 


II  n'est  possible,  en  fait,  que  de  trouver  des  signaux  dont  la  fonction  d'ambiguite  s'approche  de 
cette  loi. 


unique  " (10) 


On  dit  que  pour  ces  signaux,  la  fonction  d'ambiguite  est  di  type  Sf'pointe 


La  valeur  d'un  echantillon  de  la  fonction  de  repartition  mesuree  est  alors 
obtenue  par  l'integrale  du  produit  de  la  fonction  de  repartition  theorique  par  la  fonction 
d'ambiguite  decaiee  de  ^o,  fdo  (Fig.  5) 
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Figure  5 

Deux  types  de  signaux  caracte ristiques  possedant  cette  propriete  peuvent  etre 
utilises  pour  module  r l'onde  emise  : 

• un  signal  aieatoire  constitue  par  un  bruit  blanc 

- un  signal  binaire  pseudo-al£atoire  dont  la  forme  de  la  fonction  d'ambiguite 
est  donn£e  figure  6. 

Pour  des  raisons  pratiques,  nous  avons  choisi  le  deuxifeme  type  de  signal 
dont  la  production  et  le  traitement  aont  plus  simples.  II  est  alors  de fini  par  : 

- la  dur£e  d’un  element  du  code  T a : elle  est  choisie  en  fonction  de  la  resolution 

tcmporelle  souhaitee,  done  T g min  = 20^ s. 

- le  nombre  d'eiements  du  code  N : il  est  choisi  en  fonction  de  la  resolution 
frequentielle  desiree,  done  (NT ) max  = 2/  fd  min  ce  qui  conduit  en  general  & 
des  valeurs  de  N trbs  eievees. 

Outre  les  avantages  dejk  cites,  ] 'utilisation  d'un  signal  de  test  code  par  un  code 
pseudo  aieatoire  conlhre  au  sys time  une  tres  bonne  protection  vis  k vis  des  brouilleurs  coherents  ; 
qui  sont  plus  gCnants  que  le  bruit  atmospherique  dans  la  gamme  des  ondes  courtes.  Le  m$me 
procede  qui,  k la  reception,  permet  de  reconstituer  un  signal  coherent  & partir  du  signal  utile, 
transforme  le  brouilleur  coherent  en  signal  pseudo  aieatoire.  Par  suite  de  1’ integration,  le  signal 
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parasite  eat  fortement  attenue,  alora  que  le  signal  utile  eat  ampllfU.  Le  rapport  signal  k bruit 
eat  augment^  dans  le  rapport  de  N.  Ainai  pour  N = 10000  ( valeur  courante,  on  va  jusqu'i  10°), 
le  gain  eat  d'envlron  40  dB  par  rapport  au  systtme  k impulsion  clasaique. 


De  plus,  remission  pouvant  8tre  continue,  ou  quasi  continue,  la  puissance 
crCte  peut  <tre  notablement  r^duite  pour  une  puissance  moyenne  donn^e,  ce  qui  permet  de 
faire  fonctionner  l'4metteur  dans  dea  conditions  optimales.  La  reduction  de  puissance,  par 
rapport  aux  systfcmes  impulaionnels  classiques,  peut  atteindre  plusieurs  centaines 


3 - SYSTEME  D'ANALYSE  SPAT  IQ -FREQUENT  I ELLE 


3.  1 - Contralntes  generates 


La  realisation  du  systfeme  de  mesure  directs  de  la  fonctlon  de  repartition 
decrite  dans  cet  expose  a ete  faite  en  vue  de  son  utilisation  dans  un  sondeur  ionospherique 
par  retrodifiision. 


La  mesure  de  D (X  , fd)  ne  peut  #tre  envisages  sans  realiser  au  moins  un 
echantillonnage  de  l'un  ou  l'autre  des  axes  temps -frequence.  En  realite,  la  complexite  du  signal 
impose  un  double  echantillonnage  de  la  fonctlon  de  repartition,  car  la  reception  ne  peut  se  faire 


par  {'utilisation  ds  (litres  adapt  S«  mats  par  l'utlllsetion  de  correiatsura  qul  ne  peuvent  fournir  qu'un 
point  ds  D ( , fd). 


Le  choj£  dss  pas  d'echantlllonnage  dolt  se  (airs  ds  faf  on  optimale,  ds  sorts 
qua  I'dchantlllonnls  calculus  D ft,  (d)  ds  D(<  , (d)  psrmetts  la  restitution  exacts  de  la  fonctlon  ds 
repartition. 


On  peut  montrer,  que  si  Tp  est  la  dur#s  d'un  element  blnairs  du  cods  ds  dures 
aux  effete  du  sscond  ordre  pets  : 


le  choix  optimum  de  l'echantillonnags  de  l'axe  dss  temps  correspond  k un 
pas  egal  X Tr 

le  choix  optimum  de  l'echantillonnags  ds  l'axe  des  frequences  correspond 
& un  pas  egal  & A.  F„  = 1/N.  T„ 


Dans  ces  conditions  les  resolutions  temporelles  A *C  st  (requentielles  A fd 
sont  respactlvement  de  l'ordre  de  grandeur  de  TR  et  AFp 


La  fonctlon  de  repartition  mesures  par  la  relation  (4)  est  alors  represents 


par  son  echantillonnee 


Chaque  point  de  l'echanttllonnes  apparait  comma  la  fonction  ds  correlation 
du  signal  refu  avec  le  signal  de  reference  translate  dans  Is  domains  dss  temps  de  pTR  st  dans  Is 
domains  des  frequences  de  q.  A Fp  (Fig.  7) 


Pour  I'exploratlon  d'une  sons  definis  par  uns  longueur  tsmporelle  Nt  T| 
et  par  une  largeur  frequentislle  Nf,  A FR  le  nombre  de  correiateurs  necessalre  est  egal  1 Nc 
Nt.  Nf. 


Dans  cette  configuration  le  temps  de  calcul  ds  la  fonctlon  de  repartition  est 
egal  k N.Tr.  Dans  une  version  simple  qul  consisterait  k calculer  de  fa^on  ssqusntielle  celts  fonction 
on  aboutiralt  k un  echant^onnage  temporal  de  la  fonction  de  repartition  au  pas  ds  N.Tr,  C-haqus 
point  de  l'echantillonnee  D ( X , fd)  calcuie  par  la  relation  9 se  trouvs  done,  sn  ss  limltant  un  lobs 
principal  du  (litre  equivalent  ) k l'operation  d'lnteg ration,  (litre  avec  uns  bands  peasants  egals  k 


IMI 


l/N.T  ( figure  6).  La  restitution  exacts  de  la  function  de  repartition  peut  done  ir  faire  si  1' 

echantillonnage  reepecte  le  theorems  de  SHANNON,  e'eet  it  dire  ei  le  calcul  de  la  fonction  de 

repartition  ee  fait  avec  une  cadence  inferieure  It  N.!^  / 2.  C'eat  la  raison  qui  nous  a conduit 

i eiaborer  un  systems  effectuant  un  echantillonnage  au  pas  de  N.  T / 8 par  le  processus  suivant  : 

K 


si  on  pose  : p = x(t-p"Tg,  <j-  &F*).  jr(tj 

la  relation  S peut  se  mettre  sous  la  forme  : 


D ( ) - -A-  j J p.  tit  +J  p.iifc+.. 


qui  fait  apparaitre  les  integrations  partielles. 


= 1 Tp ■ 


at 


Si  on  range  lea  integrations  partielles  auccessivea  dans  des  memoires,  que  nous  appellerons 
"memoires  partielles"  dans  la  suite  de  cet  expose,  l'echantillonnee  D (to,C».  Ido)  s 'exprime 


par 


m x J 


*viO  “ 


a 


De  mime  on  obtient  : 'V 


Dans  ce  dernier  cas  l'integ ration  partielle  P (to)  a ete  rrmplacee  par  P (to  + T/  8).  11  eat  done 
possible  avec  un  ensemble  de  8 memoires  partielles  de  realiser  un  echantillonnage  temporal  de 
la  fonction  de  repartition  avec  un  pas  de  quantification  egal  it  T/8. 

Si  l'eneemble  des  contralntea  qui  ont  ete  examinees  sont  respectees,  nous 
verrons  qu'll  est  alors  possible  de  reconstituer  lntegralement  la  fonction  de  repartition  et,  par 
consequent,  les  grandeurs  qui  s'en  deduisent. 

3.2  - Elaboration  d'un  systEme  (12) 


La  realisation  d'un  aysthme  permettant  la  mesure  directe  de  D (Ti  # fd)  peut 
se  faire  par  l'utilisation  d'un  correiateur  parallMe  ou  d'un  correlateur  !i  structure  mixte. 


L'utilisation  d'un  correiateur  aerie  etant  it  exclure,  compte  tenu  de  sa  lenteur, 
deux  systemea  ont  ete  etudies. 


- le  premier,  it  structure  mixte  est  compose  de  100  correiateurs  montes  en 
parallMe  et  permettant  de  realiser  des  explorations  de  la  fonction  de  repartition 
par  des  coupes  auccessivea  St  fd  constant  (ou  St constant  ) selon  un  mode 
aerie. 


- le  second,  it  structure  parallMe,  est  constitue  de  4016  correiateurs 
permettant  une  exploration  instantanee  de  la  fonction  de  repartition. 


Ces  realisations  ont  ete  faites  en  technique  numerique  avec  des  technologies  TTL 
et  MOS.  Elies  different  unlquement  par  le  systems  d'eiaboration  de  la  fonction  de  repartition  qui 
a ete  appeie  unite  de  traitement  et  sont  connectables  l'une  et  l'autre  it  un  mtme  sundew  . 


3.2.  1 - Schema  general  du  aondeur 


figure  8. 


Le  schema  general  du  sondeur  utilise  par  le  LETT1  est  represente  sur  la 


II  est  constitue  par  une  partie  analogique  comprenant  une  antenne  Si  lobe 
orlentable  A,  un  commutateur  d'antenne  TR,  un  emetteur  large  bande  1-30  Mils  fournissant  une 
puissance  maximale  crfte  de  2kW  et  une  puissance  moyenne  maximale  de  I hW,  un  recepteur 
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•manage  R,  et  un  pilote  \ quarts  fournissant  les  differenles  frequences  utiles. 


Une  partie  numlrlque  realise  le  traitement  du  signal.  Kile  comprend,  outre 
l'unite  de  traitement  BC  citee  precedemment.  : 

- un  generateur  de  slgnaux  de  reference  REF  charge  d'eiaborer  le  signal  test 
x (t)  et  les  signaux  de  reference  des  Nt  Nf  voies  d'analyse  qui  s'en  deduisent 
par  les  translations  suivant  les  sxei't  et  fd. 

- une  memoire  de  lecture  L,  interface  de  sortie,  autorisant  l'acces 
sequential  aux  resultats  acquis  en  fin  de  cycle  par  l'unite  de  traitement. 

- des  convertisseurs  nun>e rique -analogique  N/A  et  analogique/numerlque  A/N 
permettant  au  syst^me  d'echanger  les  informations  x(t)  et  y(t)  avec  1* 
emetteur  et  le  recepteur. 

- un  ensemble  d'horloges  H fixant  le  rythme  d'execution  de  l'-nsemble  des 
operations. 

▼ Synoptique  Simplify  du 

f T sondeur  tonoaphe rique 


Sy»t4me 


Analogique 


ijrstime 


Numdrlque 


L I ■»  Info. 


sulvantes 


Figure  8 

3,2,2,  Unite  dc  traitement  > structure  serie  parallHe  100  points 
L'unite  de  traitement  100  points  a ete  realises  avec  les  caracteristiques 

- calcul  d'un  point  de  la  function  de  repartition  sur  24  bitq. 

- longueur  des  codes  pseudo  aieatoires  utilises  : de  N « 2 -112  -l 

- resolution  spatiale  maximale  : 7,  S km 

- resolution  frequentielle  maximale  : 0,01  Ha 


L'exploratlon  de  la  fonction  de  repartition  peut  se  faire  par  de«  coupes  k fd 
constante,  ou  4 "g  constant,  et  des  translations  temporelles  ou  fr6quentielles  du  signal  de 
reception  permettent  de  realiser  des  explorations  multiples  de  la  fonction  de  repartition.  Ces  deux 
types  d'exploration  sont  equivalents. 


3.2.  3.  - Unite  de  traitement  parallfcle  4096  points 


L'unite  de  traitement  4096  points  a ete  realis6e  avec  les  caracteristiques 


suivantes 


calcul  d'un  point  de  la  fonction  de  repartition  sur  24  bit 
longueur  des  codes  pseudo  aieatoires  utilises  : de  N = 2 
resolution  spatiale  max  = 30  km 
resolution  frequentielle  maximale  0,001  Ha 


L'exploration  de  la  fonction  de  repartition  se  fait  en  choisissant  N(  = 2net  Nf  = 

2 tel  que  m + n = 12,  n et  m pouvant  varier  de  0 1 12.  Cette  poasibilite  offre  une  grande  souplesse 
d'exploration  de  la  fonction  de  repartition.  Comme  dans  le  cas  de  l'unite  de  traitement  100  points, 
des  translations  d'ensemble  de  la  zone  d'exploration  peuvent  ttre  effectuees  dans  le  domaine  des 
frequences  fdl  et  des  temps  HI  permettant  de  la  centrer  au  gr£  de  l'utilisateur.  Le  systfcme  a ete 
realise  en  technologic  TTL  et  MOS  selon  le  schema  bloc  de  la  figure  10. 


Ja/m|  1 , 

J~7l 

nTT 

1_J T 

1 x r 

It 

3. 2.  4,  - Example  de  calcul  dea  partm^in  dans  1«  caa  d'un  sondage  par 
r<trodiffu»lon 

Pour  un  sondage  par  ret  rodif  fusion  11  est  usual  d'utiliscr  las  param^tres  d' 


analyse  suivants 


- resolution  spatiale  60  km 

- resolution  fnfquentielle  : 


Fr  * 0,02  H* 


L'etendua  spactrale  da  la  fonction  da  repartition  etant  limiter  & -lHs,  on  en 
deduit  las  parametral  suivants  : _ 

- Valaur  da  Nt  ^ 100.  On  eat  done  conduit  k choisir  Nt  = 2 - 128  soit 

n * 7 

- Valaur  da  TR  : 0,4  ms  pour  conserver  la  resolution  da  60  km 

- Longueur  du  code  : impose e par  TR  at  la  resolution  frequantialle: 

N 1 = 125000. 

FR  TR  ,7 

On  ast  done  conduit  k choisir  un  code  da  longueur  N = 2 - I qui  assure 

une  protection  de  51  dB  vis-k-vis  das  brouilleurs  coherent!  at  das  echos 
parasites. 

- La  sone  explore  ast  alora  fixea  par  m = 5 at  n * 7 ce  qui  assureNt  . TR  = 

51,2  a. 

3,  1 - Performances  du  systems 

“ " ' ' v 

L'echantillonnea  de  la  fonction  de  repartition  meiurfe  D (X,  fd)  permet  de 
retrouver  toutes  lea  Informations  contenuea  dans  la  fonction  de  repartition  qui  peut  #tre  raconstituer 
- aux  effets  du  second  ordra  prka  - si  las  conditions  d'echantillonnage  snatio-f  requentirl  clteea  au 
paragraphs  31  sont  raspecteas.  De  plus,  l'echantillonnage  temporel  au  pas  T/8  das  resultats  permit 
de  raconstituer  toutes  les  evolutions  inatantaneas  de  cette  fonction. 

3,3,1  - Analyses  spectrales 

L'exploration  de  la  fonction  de  repartition  k 'S’  constant  donna  les  spectres  dr  la 
reponse  impulsionnelle.  En  effet,  d'aprka  la  relation  (4),  si  on  note  : 

x(t)  = A(t).ci1c^Pot 

oh  A (t)  represente  la  modulation  de  l'onde  par  le  code  utilise,  on  obtient  : 

c,3  (x. , a.)  = -±r£  A (t- O ^ y (t,  T ) at 

oh  y (t,  Tj)  represente  le  signal  re;u  at  compte  tenu  de  la  forme  de  la  fonction  d'ambiguite  aux 
infiniment  petits  du  Ier  ordre  prks  : . 

cvKft.)  - 

Cette  relation  montre  que  l'exploration  selon  T*  * Ti^  « conatante  represents 
la  transformee  de  Fourier  de  la  reponse  impulsionnelle  du  canal  correspondant  k un  temps  de 
propagation  7>o.  Il  eat  done  possible  de  determiner  notamment,  g rhe e aux  echantillonnages 
utilises,  les  spectres  instantanes. 


...A.. 


3.3,2  - Restitution  de  la  roponse  impulsionnelle 


La  restitution  de  la  reponse  impulsionnelle  peut  etre  faite  trcs  s implement 
puisque  l'exploration  de  U (T»,  fd)  h "V  = pT^,  represent*  l'echantillonnoe  de  la  reponse 
impulsionnelle  du  canal.  Pour  chaque  valeur  de  pT^,  reponse  impulsionnelle  s'en  deduit 
done  par  le  simple  calcul  de  la  transform^e  de  Fourier  discrete  inverse.  On  obtient  alors  la 
rlponse  impulsionnelle  du  signal  pour  toute  valeur  du  temps  de  propagation  grSceh  1 ' 
echantillonnage  spatial  TR  adopts  et  pour  toute  valeur  du  temps  grSceh  l'echantillonnage 
temporel  T/8  adopts.  Les  interpolations  peuvent  etrefaites  par  un  procede  numerique  ou 
analogique. 


3,  3,  3 - Detection  optimale 

Les  signaux  recueillis  dans  les  sondages  ionospheriques  sont  affectes  dfun 
effet  de  fading  souvent  important  duaux  interferences  entre  les  signaux  retjus  par  les  trajectoires 
multiples  causles  par  les  inhomogeneites  et  l'anisot ropie  de  l'ionosphlre.  L'amplitude  est 
maximale  lorsque  les  signaux  sont  en  phase,  minimale  lorsqu'ils  sont  en  opposition  de  phase. 

La  separation  de  ces  different*  signaux  est  naturellement  obtenue  dans  le 
syst^me  d'analyse  propose.  On  a vu  comment , par  la  prise  en  compte  de  leurs  amplitudes 
complexes,  il  etait  possible  de  determiner  la  reponse  impulsionnelle  du  canal  et  d'en  faire  son 
analyse  spectrale. 

La  detection  peut  etre  consideree  comme  optimale  dans  le  cas  ou  l'amplitude 
du  signal  detecte  peut  8tre  rendue  maximale  sans  augmentation  du  bruit.  Cette  operation  peut 
itre  faite  par  la  sommation  pour  chaque  valeur  de  Ti  = p.  Tp  des  modules  des  amplitudes 
complexes  du  signal  detecte.  Cette  operation  est  faite  simplement  par  une  technique  numerique. 


4 - RESULTATS  EXPER IMENT AUX  OBTKNUS 


Les  resultats  presentes  dans  ce  parag raphe  ont  ete  obtenus  avec  l'unite  de 
traitement  serie  parallMe  100  points. 

4.1.  - Spectres  des  signaux  de  ret rodiffusion  dans  le  cas  d'vine  ionosphere 
calme 


Le  systhme  experimental  utilise  pour  effectuer  les  sondages  est  ^quipt*  d'une 
antenne  orientable  & periodicite  logarithmique  operant  dans  la  bande  6,  4 - 30  MHz  et  dont  le 
lobe  principal  ne  presente  pas  une  directivite  importante  en  elevation  tandis  que  son  ouverture 
azimutale  est  de  l'ordre  de  35*. 

On  peut  montrer  (6)  que,  les  mouvements  de  l'ionosphere  introduisent  un  effet 
doppler  caracterise  par  un  spectre  constitue  de  3 triplets  principaux.  Ces  triplets  sont  la 
consequence  de  l'effet  de  diffusion  du  sol,  de  l'anisotropie  de  l'ionosphhre  cree  par  le  champ 
magnetique  terrestre  et  de  l'existence  des  rayons  haut  et  bas.  Selon  qu'h  l'aller  ou  au  retour 
la  trajectoire  utilise  le  rayon  haut  ou  bas,  on  distingue  trois  modes  : haut  si  le  rayon  haut  est 
emprunte  1 l'aller  et  au  retour,  bas  s'il  s'agit  du  rayon  bas  et  mixte  dans  le  cas  oh  le  trajet 
emprunte  It  l'aller  n'est  pas  le  m8me  qu'au  retour.  Les  amplitudes  de  ces  difflrentes  raies 
spectrales  sont  repr£sent6es  sur  la  figure  11  dans  le  cas  d'un  modble  d'ionosphhre  parabolique. 
On  constate  qu'au  voisinage  de  la  focaliaation  les  trois  modes  ont  des  amplitudes  comparables 
mais  qu'au  delk  le  mode  bas  a une  amplitude  prldominante  et  que  le  mode  haut  s'att^nue  le 
plus  vite.  Les  frequences  doppler  qui  affectent  chaque  raie  peuvent  $tre  calcul^es  X partir  de 
ce  module  (11)  et  la  verification  experimental  qui  a ete  faite  consolide  les  resultats  theoriques. 

Les  resultats  representes  sur  la  figure  12  montrent  un  echantillonnage  des 
mesures  realise**  k partir  de  la  station  de  Bondage  du  LETTI  instaliee  X RRUZ  aux  environs 
de  RENNES  (FRANCE).  L'enregistrement  a ete  le  06/07/77  A 8h36  T.  U.  au  moment  obi* 
ionisation  des  couches  ionospheriques  augmente  et  oh  la  hauteur  du  maximum  d'ionisation 
diminue. 


La  direction  du  Jobe  d'cmisaion  est  situoc  dans  le  SUD  et  la  frequence  d' 
d'emission  e»t  Fe  = 20  MHt,  Dans  ces  conditions  (fig.  13)  la  rltrodiffusiou  se  produit 
sur  le  desert  du  Sahara  et  l'effet  doppler  ne  peut  done  tire  atlribue  qu'i  l'ionosphere. 

Les  parametres  d’analyse  sont  : 

- Longueur  du  code  N = 32767 

- Resolution  tcmporelle  : = lms 

- Resolution  frequentielle  : F = 0,03  Hr 

H 

La  puissance  d'emission  est  de  600  W, 

On  constate  la  presence  des  trois  raies  spectrales  au  voisinage  de  la  rone 
de  focalisation  et  la  disparition  progressive  des  modes  haut  et  mixte. 

La  coherence  des  spectres  observes  en  fonction  du  temps  rnontre  une 
Evolution  reguliere  de  l'ionosphere  et  une  absence  de  perturbation. 

4,  2 - Influence  des  inhomogeneites  sur  les  spectres 

La  figure  14  represente  une  s^rie  de  mesures  effectu6es  le  8.7.1977  entre 
10H20  et  13hl0  T.U  dans  le  cap  200*  avec  une  puissance  d'emission  de  800  W. 

Les  parametres  d'analyse  choisi  sont  : 

- Longueur  du  code  32767 

- Resolution  temporelle  : T = 1 ms 

- Resolution  frequentielle  : F^  = 0,06  Hr 

La  s6rie  de  cliches  rnontre  devolution  de  la  fonction  de  repartition  du  signal 
en  fonction  de  l'heure  de  la  journee.  Sur  le  premier  cliche  - 10h20  TU  - on  observe  la 
presence  des  trois  modes  au  voisinage  de  la  rone  de  focalisation  et  I'existence  du  seul  mode 
bas  loin  de  la  rone. 

Le  cliche  2 - 10h5O  TU  - rnontre  Involution  normale  du  diagramme  de  diffusion 
en  fonction  du  temps  : l'augmentation  de  l'ionisation  cr^e  une  diminution  de  la  distance  de 
bond,  mais  les  trois  modes  sont  toujours  apparents.  Le  cliche  3 - lh30  - rnontre  1' 
apparition  d'un  spectre  sur  les  premieres  voies  d'analyse  et  son  deplacement  vers  les  prises 
eioignees  sur  le  cliche  4 - 12hl0  - oil  on  constate  un  eiargissement  important  de  ce  spectre 
qui  traduit  la  presence  d'une  diffusion  importante. 

Le  cliche  5 fait  apparaitre  un  spectre  doppler  dont  la  valeur  importante  a fait 
que  1'operateur  a interrompu  l'analyse  pour  changer  la  resolution  frequentielle.  Sur  les 
cliches  suivants,  on  peut  voir  involution  de  ce  spectre  qui  traduit  le  deplacement  d'une 
perturbation  vers  le  sud  puisque  ce  spectre  detecte  sur  la  prise  2 apparait  successivement 
sur  les  prises  3 puis  4,  en  rnfme  temps  que  la  frequence  doppler  prend  les  valewrs  successives 
-3Hs,  -4H»,  - 6Hi  qui  peuvent  s'interpreter  par  le  fait  que  la  vitesse  radiale  tend  par  valeur 
inferieure  vers  la  vitesse  reelle  cause  de  la  geometrie  des  rayons, 

Le  cliche  8 rnontre  le  retour  vers  une  ionosphere  normale. 

5 - CONCLUSION 


La  methode  d'analyse  par  cchantillonnage  spatio-frequentiel  qui  a ete  etudife 
offre  des  avantages  que  l'on  peut  r6sumer  en  la  comparant  <1  deux  methodes  existantes. 

Par  rapport  <k  la  methode  impulsionnelle  elle  presente  ie  premier  avantage 
de  reduire  la  puissance  cr8te  d'emission  dans  un  rapport  de  plusieurs  centaines.  De  plus, 
elle  offre  une  importante  protection  contre  les  brouilleurs  et  fournit  directement  la  fonction 
de  repartition. 
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Par  rapport  it  la  technique  " chirp  sounding  " elle  presente  lee  mlmei 
avantages  de  reduction  de  puissance  et  de  protection  contre  lee  brouilleurs,  male  par 
contre  elle  permet  d'effectuer  dee  mesures  i frequence  d'lmission  constante,  caracteristique 
importante  dans  un  milieu  dispersif,  L'inconv#r.ient  majeur  de  la  technique  chirp  vient 
cependant  de  son  impossibility  de  reconstitution  de  la  fonction  de  repartition. 

Presentee  dans  le  cadre  des  sondages  ionospheriques,  cette  mlthode  eet 
cependant  applicable  tout  milieu  caracte risable  par  sa  fonction  de  repartition  (ou  de  diffusion) 
notamment  i tous  les  canaux  N caracteristlques  aieatoires  stationnaires  ou  non  stationnaires. 
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APPLICATION  OE  BACKSCATTER  TECHNIQUE  TO 
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SUMMARY 


Short  term  and  long  term  predictions  are  baaed  upon  well  experimented 
technique.  Very  ahort  term  forecaata  (or  tranamiaaiona  can  be  made  from  oblique  sounder 
networks  and  by  the  use  of  the  backscatter  technique. 

This  paper  describes  a forecasting  method  baaed  upon  the  use  of  the  spectrals 
analysis  of  backscatter  echoes  and  on  the  "inversion"  of  backscatter  ionograms. 

The  Inversion  program,  which  makes  use  of  regression  curves  can  easily  be 
processed  using  a small  computer. 

The  exploitation  of  the  spectrals  analysis  of  backscatter  echoes  allows 
instantaneous  measurement  of  dynamic  parameters  of  the  ionlaed  Layers  and  brings  about 
a considerable  increase  in  the  probabity  of  a link  being  well  established. 

Experimental  results  carried  out  on  real  cases  show  the  validity  of  the  method 

An  operational  station  can  be  planned  needing  only  a minimum  of  equipments. 

The  backscatter  ionograms  can  be  sampled  and  reduced  to  a very  small  number 
of  points.  The  real  time  spectral  analysis  of  echoes  can  be  achieved  in  a simple  manner  and 
with  an  accuracy  of  about  0,05  Ha,  which  is  sufficient  for  thier  practical  use.  The  bulk  and  the 
duration  of  computations  are  then  considerably  reduced. 

An  exemple  of  such  a plan  is  provided. 

RESUME 


Les  provisions  de  transmissions  lonoaphOrlques  X long  et  court  terms  reposent 
sur  des  techniques  tr^s  OprouvOes.  Les  provisions  de  transmission  k tr>s  court  terme  peuvent 
itre  effectuOes  k partlr  des  rOseaux  de  sondeurs  obliques  et  par  la  technique  de  sondage 
backscatter. 


Le  prOsent  article  expose  une  mOthode  de  prOvlsions  basOe  sur  l'utilisation  des 
analyses  spectrales  des  Ochos  de  rOtrodiffuslon  et  sur  l'lnverslon  des  lonogrammes  de 
rOtrodlffusion. 

Le  programme  d'inverslon,  basO  sur  l'utilisation  de  courbes  de  regrOssion  pent 
*t re  traite  sans  difficultOs  par  un  petit  calculateur.  L'exploitation  dee  analyses  spectrales  des 
Ochos  de  rOtrodiffuslon  permet  la  mesure  InstantanOe  des  paramOtres  dynamiques  des  couches 
ionoephkrlqtiea  et  apporte  une  importante  amOlloratlon  de  la  probabllitde  bon  Otabllssement 
d'une  liaison. 


Les  rOsultats  expOrlmentaux  obtenua  dans  des  cas  rOels  montrent  la  validitO 

de  la  mOthode. 


Une  station  opOrationnelle  peut  it  re  enviaagOe  avec  un  minimum  de  matOricl 
...  .11*  1 es  lonogrammes  de  rOtrodiffuslon  peuvent  itre  OchantillonnOs  et  rOduits  .\  un  nombre 

- • le  points.  Les  analyses  spectrales  des  Ochos  peuvent  itre  effectuOs  de  fn^on  simple 

...  p.  .**1  ■».  des  rOsolutions  de  l'ordre  de  0,05  Ha  suffiaantes  pour  leur  exploitation. 

...  . ..  le  ■ soaps  de  iraitement  des  calcula  e'en  trouvent  conaldOrablement  rOduits. 

. eaemple  de  realisation  sat  proposO. 


1 - INTRODUCTION 


L'lonospht* re  et  le  sol  jouent  le  rSle  de  ryflecteurs  pour  lea  omit* a dei  ametrique* 
et  permettent  l'etablia sement  dea  liaisons  A tri*a  grande  distance  avec  dr  faiblrs  puissances. 
Comma  le  bruit  atmoaphe  rlque  et  l'abaorptlon  dana  la  baaae  ionosphere  ( com.be  l>)  drcroiaaetd 
loraqur  la  frequence  augmente,  il  eat  interessant  de  travailler  avec  dea  frequences  auaai 
eleveea  que  possible  Cepeudant,  pour  une  llaiaon  do  mu' e,  il  exlate  une  limite  auperieure  aux 
frequences  auaceptiblea  d'4t re  r4f racteea  par  l'ionoaphbre.  Cette  limite,  apprlcr  MUF  (Maximum 
Uauable  frequency),  eat  cont  rOlee  directement  par  1'ioniaation  dea  couchea  auperieurea 
(principalement  FJ)  et,  comine  elle,  depend  d'un  grand  nombre  de  parameters  (I)  (d)  (1),  vlont  il 
eat  actuellement  impoaalble  de  rendre  compte  par  une  expreaalon  analytiqur.  on  a alora  recoura 
dea  proc^d^a  atatiatiquea . 


Grille  aux  observations  reguliyrea  effectueea  viana  le  monde  entiei,  un  certain 
nombre  d'organismes  specialises  peuvent  fournir  aux  utiliaateura  vlea  previsions  tie  la  MU1'  avec 
dea  prt5avis  variablea  de  aix  mola  (previaiona  a long  terme)  .\  une  aemaine  (previaiona  d court  ternie) 
Or,  lea  previaiona  li  court  terme  qui  sont  un  ajuatement  ilea  previaiona  ^ long  terme  , ne 
permettent  de  prevolr  que  la  valeur  medlane  de  la  MUF.  L'ulilisateur  emploie  couramment  une 
frequence  inierieure,  la  FOT(  Frequence  Optinvale  de  trafic,  egale  i 0.8S,  MUF,  aasurant  une 
probability  de  lialaon  de  90%.  Cette  pratique  eat  reatrlctive  pour  deux  raiaona. 


- la  MUF  r^elle  eat  aouvent  tr^a  auperieure  i la  MUF  medlane  et  l'emploi  de 
la  FOT  ne  permet  paa  d'utiliaer  au  ntieux  le  reflecteur  ionospherique 


- une  probability  de  liaiaon  de  90%  eat  inauffiaante  pour  certains  types  de 
communications  et  l'utiliaation  de  la  FOT  a'avt>re  alora  haaarileuae. 


La  probabilite  de  liaiaon  peut  itre  conaidy  rablement  accrue,  notamment  au 
niveau  de  Sexploitation  dea  reseaux  fixea.  Dana  ce  caa,  la  methode  employee  consiate  A effectuer 
periodlquement  dea  aondagea  obliques  entre  lea  ilifferents  points  ilu  reaeau  <\  l'aide  de  sondeura 
automatiquea.  1. 'information  issue  dea  recepteura  eat  traitt-e  par  un  ordinateur  qui  contient  lea 
programmes  dea  provisions,  bases  aur  l'etude  de  l'autocorrelation  dea  paramMres  de  chaqut 
liaiaon  (9)  (5>)  et  qui  fournit  lea  frequences  It  utiliaer  avec  une  probability  de  99%. 


Cependant,  on  peut  reprocher  ll  un  tel  diapoaitif,  en  plus  de  son  coOt  eleve  et  de 
la  difficulty  de  synchroniser  dea  stations  eloignyea,  le  fait  qu'il  ne  puiaae  a'adapter  rapitlement 
ll  une  nouvelle  liaiaon.  En  effet,  compte  tenu  de  la  variability  dea  conditions  de  propagation, 
dea  que  1'angle  dea  trajectoires  depaase  5 1 10“,  il  nOcesaite  I’inatailation  d'un  nouveau  sondeur 
et  la  niiae  au  point  d'un  nouveau  programme  de  provisions.  (5) 


L'utiliaation  d'une  station  de  aondage  par  ret rodiffusion,  equipee  d'une  antemie 
rotative  resoud  theoriquement  l'enaemble  de  cea  problMnes.  Cependant,  une  difficulty  apparait, 
llee  li  la  methode  de  aondage  elle  nitme,  En  effet,  l'ionogramnve  de  ret rodiffuaion  ne  donne  paa 
la  distance  de  bond,  contralrement  li  l'ionogramme  oblique  ce  qui  permettrait  de  lire 
directement  la  MUF,  inaia  le  tempa  de  propagation,  qui  n'eat  paa  reliO  de  fa<;on  simple  li  la 
distance  atteinte  (6). 


En  adoptant  pour  base  de  depart  l'ionogramme  de  retrodiffusion,  nous  nous 
s ommr a proposes  de  rechercher  une  methode  simple  et  rapide  de  determination  du  profil 
moyen  de  Ulonoaphi-re,  car  il  eat  facile  de  calculer  la  MUF  A partir  de  ce  dernier,  L' opt5 ration 
qui  consiate  A remonte r de  l'ionogramme  au  profil  d'ionisation  a ety  baptiaee  "inversion 

de  l'ionogramme  " 


L'etude  du  caa  general  eat  trbB  complexe  car  il  n'existe  pas  de  relation 
analytique  entre  le  profil  vertical  dea  couches  et  l'ionogramme  de  ret  rodiffusion,  ce  qui  nous 
a conduit  A prot*y<ler  par  simulation. 


Le  modMe  utilise  pour  cette  etude  eat  un  modMe  simple  - modMe  parabolique 
qui  offre  une  precision  auffiaante  pour  l'etablissement  de  pryvisions  de  transmission. 


Lea  previaiona  If  trbs  court  terme  sont  etablieirde  l'observation  pi5riodique 
d'ionogrammea.  Une  meilleure  pryvision  dolt  pouvoir  #treobtenue  si  on  eat  en  etat  de  pouvoir 
meaurer  la  vitesse  de  variation  des  paramfctres  du  modMe.  Une  approche  de  ce  problMne  a 
ety  faite  par  l'utiliaation  des  spectres  doppler  dea  ychos  obtenus  en  ret  rodiffuaion. 


Let  paramltress  servant  & dlfinir  le  profil  d'ionisation  ont  Itl  appalls  paramltres 
principaux  et  ceux  utilise*  pour  dlfinir  leurs  variations  ont  Itl  appalls  paramltres 
dynamiques. 
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l - EXPLOITATION  UES  IONOGRAMMES  DE  RETRODIFFUSION  DETERMINATION  OKS 
PARAMETRES  PRINCIPAUX 


Modllisatlon  de  l'ionosphlre 


Rappelons  qu'on  appall*-  ionogramme  l'enregistrement  du  temps  de 
propagation  de  groups  de  l'lcho  rltrodiffusl  an  function  de  la  frlquence  d'lmission.  La 
figure  1 montre  que  la  structure  de  l'ionogramme  eat  trla  complexe  et  que  si  l'on  ne  veut 
pas  compliquer  exaglrlment  l'ltude  il  est  nlcessaire  de  dlgager  une  grandeur  caractlristique 
contenant  l'essentiel  de  l'information  prlaente  dans  l'enregistrement.  Nous  avons  retenu  la 
trace  frontale  de  l'ionogramme  qui  est  asses  bien  dlfinie  et  reprlsente  le  temps  minimal  de 
propagation,  ou  temps  de  focalisation,  en  function  de  la  frlquence. 


BRUZ  le  19/09/1976 
ct  1 5h55mn 
Asimut  180* 


Figure  1 


Pour  simuler  cette  trace  frontale,  nous  nous  lommei  places  dans  1'  hypothlse 
terre  sphlrique  - ionosphere  concentrique,  et  nous  avons  assimill  l'ionosphlre  & une  couche 
unique  *k  profil  vertical  parabolique.  Le  profil  (fig.  2)  est  done  caractlrisl  par  trois 
paramltres 

- Fc  : frlquence  critique  de  la  couche 

- Hm  altitude  du  maximum  d'ionisation 

- Ym:  demi  Ipaisseur  de  la  couche 
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Figure  Z 


vJTJi*' ** 

Compte  tenu  des  frequences  d'^missionVeh  r£t rodi {fusion,  l'influence  des  collisions  est 
negligeabie  dans  la  determination  des  rayons  et,  celle  du  champ  magnetique  faible  et 
susceptible  d'etre  prise  en  compte  d’une  manit*re  simple  (6).  Le  calcul  du  rayon  peut  alors 
s'effectuer  I'aide  des  lois  de  1’optique  g^ometrique.  La  figure  1 rappelle  les  notations 
employees.  Le  temps  de  propagation  est  donne  par  la  tormule  classique  (7). 

Tp  = A f Ro  - R ♦ i£a  '-»3  \ 1 

C L ® M • X lot  H I*  ' J 

avec  - x = frequence  reduite 

Fc 

- £ =_XlH_  et  Ho  = R + Mm  -Ym 

Ro 

- «<  angle  d'incidence  la  base  de  la  couche  1 ^ , 

- p angle  de  site  au  depart  du  rayon  j ' 

dT  D ^ 

Tp  est  minimum  pour  un  angle  (3  Foe  tel  que  — = Cette  equation  etant  t ranscendante, 
ni  (3  Foe  ni  T^,  = Tp  ( jb  Foe),  qui  represente  l'ionogramme  simuie,  ne  possedent  d' 
expressions  analytiques. 


La  figure  3 represente  la  simulation  de  la  trace  frontale  d'un  ionogramme 
File  est  ^ rapprocher  de  l'enregistrement  reel  de  la  figure  1 et  permet  de  constater  que  1' 
allure  g£n£rale  est  la  meme  dans  les  deux  cas. 


Une  t»tude  qualitative  de  l'influence  des  paramMres  du  profil  sur  la  forme 
tie  l'ionogramme  simuie,  montre  que  Fc  et  11m  ont  un  effet  important  tandis  que  Ym  a 
toujours  une  influence  mineure  (8).  D' autre  part,  la  formule  1 montre  que  Tp,  done  T y 

ne  depend  pas  directement  de  F ou  de  Fc  mats  de  leur  rapport.  Cette  remarque  permet  de 
simplifier  l'^tude  tie  l'ionogramme  en  ramenant  de  3 & Z le  nombre  de  paramMres  dont  il 
depend. 


Recherche  d'un  modHe  simple  pour  l'ionogramme  simuiy 


Plusieurs  solutions  ont  yty  envisagyes  pour  inverser  l’ionogramme.  Plies 
ont  yty  abandonnees,  soit  pour  leur  complexity,  suit  parcequ'elles  conduisaient  des  temps 
d'inversion  excessifs.  L'id^e  que  nous  avons  retenue  consiste  <t  rechercher  un  module 
analytique  de  l'ionogramme  suffiaamment  simple,  mf me  au  prix  de  quelques  concessions, 
sous  ryserve  que  ces  dernibres  n'introduisent  pas  d'crreurs  supericures  <\  celles  dfles  aux 
erreurs  de  mssure. 


Diffyrents  modMes  ont  yt<5  essayya  : polynSme  , fonction  puissance,  fonction 
exponentielle.  C'est  ce  dernier  module  que  nous  avons  retenu.  En  effet,  si  on  trace  1' 
ionogramme  dans  un  plan  aux  echelles  semi-logarithmiques , la  courbe  obtenue  prysente 
un  point  d'inflexion  (voir  figure  4)  done  une  partie  quasi- rectiligne. 


Figure  4 


Au  niveau  tie  Sexploitation,  cede  rectitude  apparait  clairement  et  donne  une  meiure  fimple. 
L'ajustement  de  I'ionog ramme  modifie  par  la  methode  dee  moindres  carrot  conduit  la 
relation: 

log  Tp  = Ao.  x + Ho  » A,F  + Bo  (i 


Dane  cette  formula,  Ao  et  Bo  ne  dependent  que  de  Hm  et  Ym,  tandis  que 
A = Ao/Fc  depend  ties  3 param^tree.  La  generality  de  ce  module  a ^t^  vlrifile  en  tra^ant  lee 
ionogrammea  modifies  cor respondant  44  couples  (Hm,  Ym)  (figure**)  couvrant  tous  les  cas 
usuellement  rencontres  (8), 
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. . | ■ ■ 1 - t ■ 1 1 -■■■■!  I 

pm# 

. * * 

*«« 

' * j 

* * * * r 

/*  * * * 1 

t *-  ^ 

JJU 

• • • • \ 

\ ■ 

1 

♦ • * 

j 

L , . j 

0 ♦ ^ 

u 1 <00 loo 

*00  4 CW  (tam) 

Figure  5 


La  figure  6 montre  clairement  la  vadilite  du  module  exponential. 
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Cependant,  il  convient  de  remarquer  des  & present  que,  puisque  le  profil 
comporte  3 piiramMres,  le  module  d'ionogramme  devrait  aussi  en  comporter  3 pour  permettre 
l'inversion,  alors  qu'il  n'en  comporte  que  2.  Compte  tenu  de  la  precision  d'obtention  des 
ionogrammes  expbrimentaux,  il  s'avbre  que  le  choix  d'un  module  plus  complexe  conduit  & une 
incertitude  importante  sur  la  determination  des  valeurs  des  parambtres  du  module.  C'es* 
pourquoi  nous  avons  conserve  le  modMe  exponentiel,  en  sachant  bien  qu'il  serait  nbcessaire 
de  trouver  une  relation  supplbmentaire  entre  Fc,  Hm  et  Ym  independant e de  l'ionogramme. 


L'ionogramme  modifie  peut  done  £t  re  caracterise  par  deux  parambtres  Ao 
et  Bo  fonctionsde  Hm  et  Ym  uniquement.  Afin  de  decouvrir  les  relations  qui  existent  entre  ces 
•4  grandeurs,  nous  avons  procede  i une  etude  graphique  et  num^rique  (consistant  en  une 
succession  d'ajustements  par  la  methode  des  moindres  carrbs),  en  prenant  comme  base  les 
44  couples  (Ao,  Bo)  deduits  par  ajustements  des  ionogrammes  modifies.  Nous  avons  abouti 
aux  equations  suivantes  : 


A o = 1,  1.  10  '4  Ym  + 1,892.  10  '2  Hm0,46  = A,  Fc 

Bo  = 0.  519.  log  10  Hm  - 0,  6223  ( + O,  3558  ) - 0,  8544 


(3) 

(4) 


( Hm  et  Ym  en  Km) 


Pour  contrSlerla  validity  de  ces  relations,  nous  avons  regroup^  dans  le 
tableau  1 : les  44  couples  (Hm,  Ym),  les  couples  (Ao,  Bo)  obtenus  par  ajustement  des 
ionogrammes  modifies,  les  couples  (Ao,  Bo)  calculus  & l'aide  des  formules  3 et  4,  ainsi  que  les 
hearts  relatifs  exprimds  en  pourcentage.  Nous  voyons  que  l'erreur  commise  en  utilisant  les 
expressions  analytiques  est  en  moyenne  de  0,68%  pour  Ao  avec  un  maximum  de  1,76%,  tandis 
que  pour  Bo  elle  est  en  moyenne  de  1,2%  avec  un  maximum  de  3,2%.  Il  apparait  d'autre  part, 
que  les  hearts  les  plus  importants  sont  observes  pour  les  valeurs  extremes  de  Hm  et  Ym,  done 
dans  des  cas  peu  fr£quemment  rencontres  en  pratique.  Ces  remarques  jointes  au  fait  que  les 
precisions  d'obtention  des  relev<?s  expdrimentaux  sont  de  l'ordre  de  2 il  3%  nous  amfcnent  ^ 
penser  que  les  erreurs  commises  en  utilisant  les  formules  (3)  et  (4)  sont  tout  il  fait  acceptables. 


2,  3,  - Inversion  de  l'ionogramme  de  retrodiffusion 


Comme  nous  l'avons  remarqu^  pr£c£demment,  il  est  nlcessaire  d'introduire 
une  relation  ind^pendante  de  l’ionogramme  qui,  jointe  aux  equations  3 et  4 formera  un  systfcme 
complet  permettant  l'inversion.  Nous  avons  adopts  la  formule  de  Schimazaki  (9)  : 


Hm  F2  = 


1490  — MUF  (3000)F2 

MT3000TF2  ' I?6  ou  M (3000)F2  = 


(5) 


Cette  relation  est  toujours  en  trbs  bon  accord  avec  les  observations  lorsque 
l'ionosphbre  peut  €tre  assimilbe  & une  couche  unique  (ionosphbre  nocturne).  De  jour,  la 
presence  de  la  couche  E entraine  une  diminution  de  M (3000)F2  qui  se  traduit  par  un  accroisse- 
ment  apparent  de  HmF2.  Il  est  alors  prbfbrable  d'utiliser  une  formule  corrigbe,  telle  la 
formule  de  BRADLEY-DUDENEY  (10)  : , v 

1490  ,,z  ...  (6> 


Hm  F2 


M(3000)F2  + AM 


- 176  oil 


AM  = ■ 


FoF2  - 1,4 


FoE 


■Jii 
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Neanmoins  ['utilisation  de  cette  relation  introduirait  la  variable  supplemental© 

1 oE,  ce  qui  compliquerait  encore  le  problem©.  C'est  la  raison  pour  laquelle  nous  avons  conserve 
dans  un  premier  temps,  la  formule  SCHIMAZAK1,  tout  en  sachant  bien  que  les  resultats  que  nous 
en  deduiaons  ne  sont  rigoureusement  valables  que  pour  l'ionosphere  nocturne  et,  dans  une 
certain©  mesure,  pour  l'ionosphere  d'hiver  (FoF  2 »FoE). 

La  possibility  de  tenir  compte  de  la  couche  E demeure  cependant  totale  si  on 
remarque  qu'elle  eat  d'une  part  connue  avec  une  grande  precision  et  mesurable  directement 


par  un  sondage  en  rytrodiffusion. 


Liquation  5 n'eat  pas  directement  utilisable  sous  la  forme  indiquye,  car 
M (3000)  ne  pout  8tre  deduit  de  l'ionogramme  de  ryt rodiffusion.  Cependant,  si  on  porte  sur  un 
m%me  graphique  les  valeurs  de  l/M(3000)  dyduites  dea  ionogrammes  simulcs  et  la  droite 
d'yquation  : 


Hmil76  = 1 (7) 

1490  M (3000) 

qui  represente  la  relation  de  SCHIMAZAKI,  il  apparait  que  le  rapport  YM/HM  n'est  pas  constant, 


mais  varie  lyg^rement  le  long  de  cette  droite,  (fig.  7) 


L'ajustement  de  la  fonction  Ym/Hm  par  la  mythode  des  moindres  carres  nous 
a conduit  & l'expression  suivante  : 

Yrn  = -1,709.  10'6  Hm2  + 1,227.  10'3  Hrn  t 0,4351  (8) 

Hm 

Les  yquations  3,4  et  8 forment  un  system©  de  3 equations  it  3inconnues  qu'il 
est  possible  de  rysoudre  numy riquement,  ou  bien  encore  graphiqucment  .3  I'aide  d'abaques(8). 
Cependant,  le  rapprochement  des  yquations  4 et  8 montre  que  Hm  et  Yrn  ne  dypendent  que  de 


Bo,  d'ovi  il  result©  d'apres  3 qu«'  Ao  nc  depend  lui  auasi  que  de  Bo.  Cette  remarque  permet  d' 
enviaager  une  forme  analytique  simple  pour  les  solutions  ; nous  avons  opt£  pour  un  ajustement 
par  des  polyndmea  des  moindres  carres.  La  n6cesait6  de  conserver  une  precision  relative 
auplrieure  k 1%  nous  a impost  des  polynOmes  du  neuvi^me  degre  : 


4 5,6189.  lO  Bo  - 9.  3653.  10  Bo  - 1,3303.  lO  Bo  + 3.0769.  10  Bo  - 1,2668.  l(TBo 


43,627  + 9,4968.10  Bo  - 3,  0246.  10  Bo  + 1 , 0769.  10  Bo  + 1 , 0431 . 10  Bo 
+ 3,8805.  104Bo5  - 9,0788.  104Bo6  - 9,  6061 . 104Bo  ' + 2,  5072.  105Bo® 

- 9,  8179.  104  Bo9 


0,084326  + 0,51416  Bo  - 0,76094  Bo  + 0,33042  Bo 
- 105,43  Bo6  - 50,319  Bo?  + 268,82  Bo®  - 167,44  Bo' 


1, 5479  Bo 


En  pratique,  la  connaissance  de  Bo  permet  de  calculer  Hm,  Ym,  puis  Ao  qui 
associO  3 A donne  Fc  = Ao/A.  L'erreur  commise  en  utilisant  les  formules  9 i 11  est  en 
moyenne  de  1%  quand  Hm  et  Ym  vOrifient  la  relation  de  Schimazaki.  Dans  le  cas  contraire, 
la  precision  reste  bonne  comme  va  le  montrer  un  exemple  numOrique.  A partir  du  triplet 
Fc  = 5 MHz,  Hm  = 500  km,  Ym  = 325  km,  nous  avons  simulO  l'ionogramme,  puis,  par 
ajustement,  dOterminO  les  paraml-tres  A et  Bo  que  nous  avons  introduits  dans  les  formules 
d'inversion.  Le  nouveau  triplet  obtenu  : Fc  = 5,052  MHz,  Hm  = 500,95  km,  Ym  = 311  km, 
montre  que  l'Ocart  le  plus  important  est  enregistrO  sur  Ym.  Ce  paramOtre  ayant  une 
influence  mineure  dans  les  provisions  de  transmission,  l'erreur  qui  en  rOsulte  est  nOgligeable 
ainsi  que  le  prouvent  les  ionogrammes  simulOs  dans  les  deux  cas  et  reprOsentOs  k la  figure  8 
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Afin  de  procider  h une  verification  experiment  ale,  nous  avona  compari  les 
paramfetres  ionosphferiques  deduits  d'ionogrammes  de  ritrodlifusion  par  la  mithode  proposie 
k ceux  mesures  en  sondage  zenithal  dans  la  zone  oil  les  rayons  imis  de  BRUZ  (01*  44*  10"  W, 
47*59,J6"N)  atteignent  leur  apogie.  La  station  choisie,  TORTOSA  en  Espagne  (00*35'E,  40* 
56'N),  distante  de  806  km  de  BRUZ  se  situe  k la  limite  infirieure  de  la  zone  de  reflexion.  Les 
risultats  sont  regroupis  dans  le  tableau  11,  qui  comporte  en  outre  les  valeurs  des  paramitres 
mesuris  en  sondage  zenithal  k LANNTON  (03*27'W,  48*45'N),  celh  afin  de  permettre  l'ivaluation 
des  gradients  horizontaux  et  la  localisation  approximative  de  la  zone  de  reflexion. 

Malgri  le  petit  nombre  d'ionogrammes  traites  (dO  k la  difficulte  d'obtenir  les 
mesures  des  stations  de  sondage  zenithal),  il  apparait  que  les  paramfetres  diduits  par  inversion 
sont  en  bon  accord  avec  les  resultats  diduits  des  mesures  de  Lannion  et  Tortosa,  bien  que 
les  conditions  d'experience  ne  soient  pas  optimales.  En  effet,  tous  nos  ionogrammc  . ont  6ti 
relevis  de  jour  en  presence  de  la  couche  E et  de  gradients  horizontaux. 

Cette  premiere  etude  est  actuellement  complitee  par  extension  de  la  mithode 
It  une  ionosphere  1 2 ou  3 couches  avec  gradients  horizontaux,  et  par  une  verification 
exp6rimentale  sur  un  grand  nombre  de  donnees. 

3 - UTILISATION  DE  LA  FONCTION  DE  REPARTITION  - PARAMETRES  DYNAM1QUES- 

Les  spectres  des  signaux  re^us  dans  les  Bondages  par  retrodiffusion 
traduisent  les  mouvements  de  l'ionosphere  et,  dans  certains  cas,  ceux  de  la  surface  de 
diffusion,  not&mment  de  lamer  (11)(12). 

Dans  le  cas  oh  le  module  ionosphkrique  est  celui  decrit  au  paragraphe  21,  il 
est  possible  de  calculer  les  frequences  doppler  qui  affectent  les  trois  raies  principales  du 
spectre.  L'existence  de  ces  raies  a ete  expliquee  (13),  et  les  frequences  doppler  qui  les 
caracterisent  ont  ete  calcul6es.  En  resume  : 

- pour  le  mode  bas  caracterise  par  le  fait  que  la  trajectoire  utilise  le  rayon 
bas  k l'aller  comme  au  retour,  les  variations  de  la  frequence  critique  des  couches  ont  une 
influence  assez  faible. 

- pour  le  mode  haut  caracterise  par  le  fait  que  la  trajectoire  utilise  le  rayon 
haut  It  l'aller  comme  au  retour,  les  variations  de  la  frequence  critique  de  couche  ont  un  r61e 
important. 

- pour  le  mode  mixte  caracterise  par  le  fait  que  la  trajectoire  utilise  le  rayon 
bas  (haut)  k l'aller  et  le  rayon  haut  (bas)  au  retour,  la  frequence  doppler  dont  il  est  affect6 
est  egale  k la  moyenne  arithmetique  des  deux  precedents. 

La  frequence  doppler  Fd  de  chacun  des  modes  peut  8tre  exprim6e  par  la 
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Mode 


Mixte 


Unit# 


Haul 


Tableau  III 


Le  rayon  mixte  n'apporte  en  fait  aucune  information  maia  peut  aervir  k 
verifier  la  position  des  raiet  dans  la  mesure  de  la  fonction  de  repartition  (14)  reprlsentant 
l'amplitude  complexe  CL  du  signal  re$u  en  fonction  de  la  frequence  doppler  Fd  et  du  temps  de 
propagation  V , et  dont  un  exemple  d'enregistrement  est  donn#  figure  9. 


La  mesure  des  frequences  doppler  fournit  done  deux  equations  qui  associ#es  k 
la  relation  de  Schimazaki  - ou  de  Bradley  -Dudeney  - utilisee  prfcfdemment  permettent  de 
d#duire  les  valeurs  des  paramfetres  dynamiques. 


Les  mouvements  du  sol  peuvent  modifier  le  spectre  dans  le  cas  notamment 
de  la  diffusion  sur  la  mer.  Dans  ce  cas,  le  spectre  des  echos  de  retrodiffusion  peut  presenter 
des  dedoublements  des  raies  dus  aux  effets  du  premier  ordre  de  la  diffraction  de  Bragg  par  la 
houle.  Ces  dedoublements,  de  l'ordre  de  quelques  dixihmes  de  Herts  apparaissent  lorsque 
la  longueur  d'onde  de  l'onde  emlse  est  voisine  de  deux  fois  la  longueur  d'onde  de  la  houle. 


L'effet  doppler  introduit  par  la  mer  est  en  general  faible  devant  celui  dO  k 1* 
ionosphere  et  s'il  se  produit,  11  peut  8tre  detect#  par  l'analyse  de  la  fonction  de  repartition, 
qui  fait  apparaitre  ces  dedoublements. 


Une  verification  experimentale  statistique  de  ces  r#sultats  theoriques  a #t# 
faite  (13)  et  a montr#  leur  bonne  concordance  sur  une  p#riode  d'enregistrement  de  1 mois 


La  figure  10  montre  la  confrontation  entre  une  s#rie  de  mesures  effectuees 
le  18  septembre  1975  & partir  de  la  station  de  sondage  de  BRUZ  et  les  r#sultats  theoriques 
deduits  des  mesures  du  sondage  senithal  de  LANNlON.  On  peut  noter  la  bonne  concordance 
de  ces  r#sultats  bien  que  la  station  de  LANNlON  soit  situee  k environ  800  km  au  nord  du  point 
de  reflexion  des  ondes  dans  l'ionosphere. 


4 - ELABORATION  D'UN  SYSTEME  DE  PREVISION  A TRES  COURT  TERME 


A partir  d'une  station  de  sondage  ionosphfcrique  par  retrodiffusion  il  apparait 
possible  de  deduire  dans  la  cas  d'un  module  parabolique  : 

- les  valeurs  des  param^tres  principaux  Fc,Hm,  Ym  4 partir  du  releve  de  1' 
ionogramme  de  retrodiffusion.  La  variation  monotone  de  la  trace  (rontale  en  fonctlon  de  la 
frequence  d'lmission  permet  de  realiser  un  Ichantillonnage  de  l'ionogramme  avec  un  maximum 
d'une  dizaine  de  points  de  mesure,  rendant  ainsi  le  rel<v<  extr^mement  rapide. 

- les  valeurs  des  paramfetres  ^ partir  du  releve 

d'une  fonction  de  repartition  (14).  Un  seul  releve  suffit  pour  la  mesure  des  paramttres 
dynamiques. 


La  dur#e  de  ces  mesures  demeure  de  I'ordre  de  I minute  avec  1’utilisation 
d'un  systkme  d'analyse  spatio-f requentiel  (14).  Leur  traitement  peut  se  faire  4 l'aide  d'un  petit 
calculateur  gr4ce  aux  formes  analytiques  des  relations  permettant  de  calculer  les  paramfctres 
ionosphferiques. 

L'association  d'une  antenne  orientable  permet  de  dresser  ur.e  cartographie 
de  l'ionosphire  autour  de  la  station  pour  la  prevision  des  liaisons  situees  dans  une  zone  de 
6000  km  de  diamktre  centre  sur  la  station. 

La  precision  des  previsions  peut  Stre  accrue  en  adjoignant  un  sondeur 
zenithal  4 la  station  et  en  tenant  compte  dans  le  programme  d'exploitation  de  parametres 
connus  comme  les  param8tres  de  la  couche  E,  la  correlation  des  variations  geographiques 
du  paramttre  Fc 

5 - CONCLUSION 

Le  problfcme  des  previsions  ionosph>riques  4 trfcs  court  terme  a ete  aborde  sous 
differents  aspects. 

L'utilisation  d'une  station  de  sondage  par  retrodiffusion  pose  le  probl^me 
general  de  l’inversion  de  l'ionogramme. 

La  solution  proposee  ici  consists,  4 partir  d'un  module  de  couche  simple, 
mais  suffisant  pour  l'etablissement  de  paramfctres  de  transmission,  & utiliser  des  relations 
analytiques  qui  permettent  un  calcul  rapide  des  paramttres  du  profil. 

La  centralisation  du  syst^me  de  sondage  permet  une  mesure  economique  des 
spectres  des  echos  de  retrodiffusion.  Leur  exploitation  conduit  It  la  connaissance  instantanee 
des  vitesses  de  variation  des  paramfetres  du  profil,  qui  sont  des  elements  importants  dans  le 
calcul  previslonnel  4 trks  court  terme. 

En  vue  d'une  application,  deux  points  doivent  cependant  8tre  developpes. 

Tout  d'abord,  le  module  de  l'ionosph8re  doit  8tre  affine  pour  tenir  compte  des 
gradients  d'ionisation  horizontaux  et  de  la  presence  de  plusieurs  couches. 

Ensuite,  il  y a lieu  de  proceder  4 Sexploitation  des  spectres  des  echos  en  vue 
de  la  determination  de  l'effet  doppler  et  du  fading  dans  les  transmissions  point  4 point.  En  effet, 
la  determination  de  ces  effets  se  deduit  theoriquement  du  spectre  des  echos  mais  une 
verification  experimentale  statistique  demeure  4 faire. 

Ces  deux  points  sont  actuellement  en  cours  d'etude. 
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Heure 
T.  U. 


Retrodiffusion  Zenithal  Zenithal  I . \ 
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267 

2 30 

145 

2 50 

160 
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4,89 
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4,88 
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5,79 
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264 
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7,28 
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4,99 
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6,29 
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7,35 
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_ 
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1 3h00 
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6,81 
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2 50 
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,HV,D 

0,  480 
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0,830 

1,120 

78,  4 

0,  910 

2,240 

11,2 

0,910 

-3 

0,240 

4,8 

1,30 

-31 

Ei 

1,050 

-15 

0,710 

+4 
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Azimut  180” 

Fc  en  MHz 


Hm,  Ym  en  km 


en  MHz/  Mm  ij^len  km/Mm 

Dr  distance  du  point  de  reflexion  estime 

L/T  Lannion-Tortosa 

PAL  previsions  k long  terme 
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8UHNAAY 


For  tho  calculation  of  t ho  scattering  croaa-aoct Ion  of  perfectly  conducting  or 
dloloctrlc  cyllndora  of  rough  aurfacoa  two  methoda  arc  uaodi  A numerical  method,  liaaod  on 
Integral  equation  forma  It  am,  and  a perturbat lonal  method.  Tho  validity  of  tho  roaultn 
baaed  on  thoao  methoda  la  examined  In  their  dependence  on  aelected  charactorlat lc  para- 
meters. Also,  the  influence  of  thoao  character  tat lc  parameters  on  tho  far-fteld  croaa- 
aoctlon  la  studied. 


1 . INTRODUCTION 

Tho  properties  of  a scattered  electromagnetic  field  depend  on  the  geometry  of 
tho  scattering  object . In  cases,  where  tho  shape  of  tho  acatterer  la  not  a simple  geometry 
for  example  propagation  over  Irregular  terrain  (Beckmann,  I',  and  Spiistchlno,  A.,1*»t>!)  or 
scattering  by  rain  (Morrison,  d.A.  and  Cross,  M. -J . , 1 974) , hall  (Bring!,  V.N.  and  Seliga, 
T. A. ,1977),  treea  or  buildings  (Gllol,  II. -G. ,1974)  - no  analytical  solvit  Iona  can  bo  found 
anil  approximate  analytical  or  numerical  methoda  are  the  only  alternative.  Concerning 
approximate  analytical  methods,  a perturbations)  approach  has  been  suggested  and  applied 
to  perfectly  conducting  or  dielectric  cylindrical  or  spherical  scatterera  (Clemmow,  P.C. 
and  Weston,  V . H . , 1 9 1*  1 i Yeh,  C..19M)  Krma,  V.A.,19t>Ba,  19M)b,  19d9i  Becker,  K.-D.,19ii8)  an 
well  as  to  plane  structures  (Becker,  K.-D,,  Dohmann,  G.  and  Langenberg,  K ..1 . , 1 97r>)  . On  the 
other  hand,  a number  of  numerical  means  have  been  developed  (Mlttra,  R..197J)  and  servo  as 
a tool  to  treat  scattering  by  "perturbed"  scatterera,  the  moat  famous  booing  the  method  of 
moments  (Harrington,  R.F.,l9ti8). 

The  purpose  of  the  ('resent  contribution  in  two-foldi  how  does  a perturbed  scat- 
tering surface  affect  the  far-fleld  scattering  cross-sect  Ion  and  how  about  the  validity  of 
the  results,  which  are  based  either  on  a perturbat tonal  or  numerical  method. 


2.  FORMULATION  OF  TNI!  PROBLEM 

As  shown  by  Fig.  1,  the  acatterer  has  been  modeled  as  a periodically  deformed 
perfectly  conducting  or  dielectric  cylinder  of  Infinite  length,  which  has  alteady  been 
considered  by  Bolomey  and  Wlrqtn  (Bolomey,  J.C,  and  Wirgin,  A., 1974)  for  comparison  of 
different  numerical  approaches.  The  incident  field  Is  either  a TM-  or  TK-ixilat  1 *ed  plane 
wave  of  wave  number  ki  Its  angle  or  Incidence  is  >),  . Ttve  surface  perturbation  ? ( F ) of 
the  cylinder  of  radius  a la  given  by 

5 ( "f  ) " • ♦ A a ooa  v T , 

A a being  its  amplitude  and  v It  a frequency. 

As  already  suggested  by  Clemmow  and  Weston  (Clemmow,  P.C.  and  West  on , V.H.,19t>1) 
but  to  the  author's  knowledge  nevei  performed,  we  treat  the  problem  systematically  In  teims 
of  the  three  parameters  ka  (dimension  of  the  acatterer  relative  to  wavelength),  k Aa 
(dimension  of  the  perturbation  amplitude  relative  to  wavelength)  and  ' (frequency  of  the 
"ripples").  Apraettoal  application  of  such  problems  has  been  recently  given  by  Brtnql  and 
Seliga  (Bring!,  V.N.  and  Seliga,  T. A., 1977)  during  the  U. R.8. I . -Commission  F Symi'oslum  In 
France,  who  considered  scattering  from  naturally  occurlng  hailstones  with  such  surface  per- 
t ut bat  Ions. 


J.  NUMERICAL  ANO  PERTURBATIONAL  METHOD 

A common  approach  to  the  solution  of  the  problems  mentioned  above  Is  the  formu- 
lation of  Integral  equations  for  the  Induced  electric  and  magnetic  surface  current  densities 
J and  ? and  solving  them  numerically  (Mlttra,  R.,1971).  If  the  scattering  object  Is  per- 
fectly conducting,  we  have  two  independent  equivalent  Fredholm  equations  of  the  first  and 
second  kind,  respectively,  for  J.  We  assume  transverse  magnetic  or  transverse  electric  po- 
larization and  the  form 

exp  {-j  ^ t “>  **•  i 


for  the  z-dependence  of  the  Incident  plane  wave  0 , H . Taking  Into  account  the  cylindrical 

structure  of  the  scattering  object,  the  Integral  Aquations  decouple  Into  two  sets  of  equa- 
tions for  each  current  density  component  J « t J + 3 J and  arbitrary  A (Bolllg,  G. 


t Ions  for  each  current  density  comiKinent 
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In  each  case  only  one  Integral  equation  has  to  be  solved. 

For  dielectric  scatterers,  there  exist  two  coupled  integral  equations  for  the 
electric  and  magnetic  surface  current  densities,  which  remain  a coupled  system  In  the  four 
current  density  components  , J^,  for  both  polarlzat Ions  (Bolllg,  G.,!976)i 
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To  got  t ho  aaaoclatoit  two  dual  oguatlona,  ono  haa  to  replace  K ^ — e H , J — • -K,  K — * - J , 
t — * -/*•  , /»  -•  - I . The  Index  1 denotes  the  interior  0<  y < • « a*  un  f of  t he 

acatterer;  we  uaed  the  apprevl at  Iona 

H*”  (u)  - (C*  ( k •**  $•  I f - f I)  t 
o 

h;°(v)  - h:“  ( ✓*;  - *•  —'A.  i f 

Tor  perpendicular  Incidence  only  we  qet  t wo  Independent  systems;  hence,  In  general,  de- 
polarisation occurs  In  the  scattering  by  dielectric  bodies. 

We  solve  these  Integral  equations  by  the  method  of  moments  with  subdomain  base 
functions  defined  In  the  Interval  Ac  (Fig. 2).  As  proposed  by  Daniel  (Daniel.  S.M.,1971), 
we  approximate  the  current  density  J at  k discrete  points  according  to  a parabola  of 
second  order,  which  takes  Into  account  the  current  density  In  the  midpoints  of  the  neigh- 
bouring intervals.  Testing  occurs  with  S -distributions. 

For  the  Fredholm  equation  of  the  first  kind,  we  found  best  results.  If  two 
test  points  are  situated  1/3  from  the  ends  of  the  interval,  whereas  for  the  second 

kind  equations  one  does  best  tonlet  the  current  density-  and  test-points  coincide.  The 
latter  method  has  been  chosen  to  yield  the  following  results; 

Fig.  J shows  the  differential  scattering  cross-section  for  perpendicular  In- 
cidence for  ka  » 5 on  perfectly  conducting  cylinders  with  Increasing  surface  rouqhness.  In 
the  transverse-magnetic  and  transverse-electric  case,  we  see  that  especially  the  back- 
scattering  increases  with  the  roughness.  Furthermore  we  see,  that  aldelobes  appear,  whose 
direction  is  Independent  frits  the  roughness  amplitude.  Naturally,  transverse  electric 
polarised  waves  are  much  more  sensitive  to  surface  |>ert  urbat  ions , but  in  principal,  they 
show  the  same  behaviour. 

Fig.  4 shows  the  pertinent  surface  currents  as  function  of  f . These  well 
known  curves  correspond  to  the  circular  cylinder.  It  Is  Interesting  to  note,  that  in 
the  case  of  a surface  perturbation  - at  least  In  the  TM-case  - the  current  density 
amplitude  follows  closely  the  surface  structure;  its  amplitude  Increases  with  Increasing 
A a. 

Another  method  to  treat  scatterers  of  irregular  shape  is  a perturbat tonal 
approach.  At  first,  we  write  the  surface  equation  in  the  form 

? < 'f  ) - a ( I ♦ cos  v y ) t-  a ( 1 ♦ 6 cos  v f ) , 

Introducing  a perturbation  parameter  <4  with 


Now  the  field  strength  pert urbat Ions  are  assumed  to  be  of  the  same  order  as  the  perturbations 
of  the  surface  of  the  scatterer.  That  means,  the  electromagnetic  field  strengths  are  ex- 
panded in  a perturbation  series  according  to  powers  of  <1  ; (We  only  give  the  equation 

for  the  electric  field  strength.) 
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(r)  being  the  n-th  |w>rturbed  field  In  medium  1.  F.  ( r ) stands  for  the  unperturbed 

scattered  or  diffracted  field  ..of.  a circular  cylinder. uIn  a next  step,  the  transition  con- 
ditions for  the  total^flelds  K.’  (f ) , H*1’ (?)  are  expanded  into  Taylor  series  around  the 
unperturbed  surface  Irl  - a.  Since  on  this  surface,  the  unperturbed  fields  fulltill  homo- 
geneous transition  conditions,  the  result  of  this  procedure  are  separate  Inhomogeneous 
transition  conditions  for  perturbed  fields  alone  for  every  order  n.  As  formulated  by  Frma 
(Frma,  V. A. , 1 ibfl) , this  step  is  tantamount  to  replacing  the  single  "necessary"  boundary 
condition  by  an  infinite  set  of  "sufficient"  boundary  conditions,  tty  means  of  the  eigen- 
function expansion  for  the  uni'erturhed  field  and  similar  series  expansion  with  unknown 
coefficients  for  the  n-th  order  perturbed  fields,  these  coefficients  can  be  determined 
from  this  set  of  sufficient  boundary  conditions,  rrovided,  that  this  series  converges, 
the  resulting  solution  is  exact;  it  is  thus  equally  valid  In  the  near  and  far  tones  as 
well  as  over  all  ranges  of  the  physical  parameters  of  interest,  hut  it  is  already  a 
very  tedious  task  to  develop  only  the  second  order  solution  explicitly.  Hence,  in  most 
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applications  one  dealt  with  the  first  order  terms,  hoping  they  would  approximate  the 
exact  solution  pretty  well.  In  fact,  the  question  turns  on  the  accuracy  of  this  linea- 
rization, when  k Aa  and  the  other  parameters  of  the  problem  are  prescribed,  hence,  we 
compared  the  accuracy  of  the  first  and  second  order  pert urbat Ion  approximation  with  our 
results  derived  by  the  numerical  method.  Fig.  5 shows  the  differential  scattering  cross 
section  of  a perfectly  conducting  cylinder,  whose  surface  Is  given  by  the  unbroken  curve; 
the  arrow  Indicates  the  perpendicularly  Incident  wave  (ka  • 5).  The  unbroken  curve  corres- 
ponds to  the  exact  series  solution,  the  dashed  curve  represents  the  first  order  pertur- 
bation approximation  If  this  circular  cylinder  Is  assumed  to  be  a perturbation  of  this 
dashed  circular  cylinder  (k  Aa  • o,5;  ripple  parameter  v - o) . The  pointed  curve  is  the 
second  order  |>erturbat ion  solution.  Henco,  one  can  really  ntate  convergence,  at  least  as 
far  aa  the  first  two  terms  of  the  series  are  taken  Into  account.  This  result  is  not  ob- 
served for  higher  values  of  the  wavenumber  as  we  shall  see  later  on.  Now,  we  Increase 
the  ripple  period  Y as  shown  In  Fig.  6.  Here  V « 2 is  resulting  an  elliptic  pertur- 
bation of  the  circular  cylinder;  the  unbroken  curve  Is  found  numerically.  In  principle, 
the  same  behaviour  is  observed  as  for  v « o,  yet  the  first  order  perturbation  Is  al- 
ready more  exact,  a fact,  which  Is  redteovered  for  v - 4 In  Fig.  7. 

A further  increase  of  v up  to  1o  (Fig.  8)  shows  a very  good  agreement  of  the 
first  order  perturbation  solution,  whereas  the  second  one  Is  worse  again.  Here,  the  per- 
turbation series  does  not  converge  as  far  as  its  first  two  terms  are  considered.  Yet  we 
state,  that  these  are  intermediate  values  of  Y for  Instance  v - 6 or  so,  where  the 
perturbation  approximation  yields  excellent  results.  These  results  can  be  Interpreted  as 
If  a slowly  rippled  cylinder  represents  a better  linear  perturbation  of  a circular 
cylinder  than  a very  rough  or  elliptic  one.  But  If  we  reduce  the  perturbation  amplitude 
of  this  rough  cylinder  to  only  4*  (Fig.  9),  we  have  absolute  agreement  of  numerical  and 
perturbat Iona  1 values.  Hence,  convergence  of  the  perturbation  series  depends  on  the  re- 
lation between  v and  A a,  and  this  relation  is  again  dependent  on  the  wave  number.  If 
we  choose,  for  example,  ka  - 2,5  , returning  to  the  lot  value  of  Aa  (Fig.  1o) , we  have 
even  for  v * o a complete  agreement  of  the  second  order  perturbation  with  the  numerical 
values.  On  the  other  side,  sonstdering  the  same  case  for  ka  - 10  (Fig.  11),  we  see  that 
there  Is  no  convergence  In  the  above  ment loned  sense.  The  results  become  again  somewhat 
better,  If  the  ripple  frequency  v Is  increased  (Fig.  12).  But  again,  we  cannot  speak  of 
a uniform  convergence.  Reducing  the  [perturbation  amplitude  yields  once  again  better 
agreement . 

In  general  one  could  say,  that  especially  In  the  foreward  scattering  direction, 
first  order  perturbation  solutions  are  a good  tool  for  treat lnq  Irregularly  shaped  per- 
fectly conducting  scatterers.  Backseat t ering  and  sldelobes  should  be  Investigated  more 
carefully,  especially  at  higher  values  of  ka. 

Now,  turning  to  the  results  for  a perturbed  dielectric  cylinder  with  relative 
permittivity  equal  to  4.  They  are  very  similar  to  the  previous  ones,  except  for  two 
special  features:  the  effect  of  different  ripple  amplitudes  on  dielectric  cylinders  does 
not  Influence  the  differential  cross  section  much,  at  least  as  far  as  ka  values  up  to  2 
are  considered,  whereas  Increasing  of  the  ripple  frequency  Increases  both  backscattering 
and  foreward  scattering  amplitudes. 

Concerning  the  convergence  of  the  perturbation  series,  the  frequency  of  the 
Incident  field  must  be  considerably  reduced  in  comparison  with  the  [perfectly  conducting 
case.  As  an  example  Fig.  13  shows,  with  ka  ■ 2,5  and  a 1o%  perturbation,  a very  bad 
result,  at  least  for  v ■ o.  But  here,  we  observe  a stronq  tendency  towards  better  re- 
sults if  the  ripple  frequncy  is  Increased,  as  we  can  see  In  Fig.  14.  This  effect  is  more 
pronounced  than  In  the  perfectly  conducting  case. 

All  these  results  hgld  for  perpendicular  incidence.  But  if  the  angle  of  in- 
cidence is  reduced  from  its  9o  value,  the  quality  of  the  perturbation  results  decreases 
very  quickly.  For  instance,  for  ka  * 1 ,5  and  v»  ■ 30°,  the  second  order  perturbat ional 
approach  to  the  scattering  from  a rough  dielectric  cylinder  Is  absolutely  wrong  for  large 
ripple  periods  and  [Perturbations  about  lot  (Fig.  15). 


4.  CONCLUSION 

By  comparison  of  the  numerical  method,  based  on  integral  equation  formalism, 
and  the  porturbatlonal  method,  one  could  say,  that  epecially  in  the  foreward  scattering 
direction,  first  order  perturbation  solutions  are  a qood  tool  for  treating  rough  perfect- 
ly conducting  and  dielectric  scatterers.  Concerning  backscattscat terlng  and  s idelobes (calcu- 
lations by  the  porturbatlonal  approach,  especially  at  higher  values  of  ka,  should  be 
Interpreted  carefully.  Also,  If  the  angle  of  incidence  is  reduced  from  Its  9o°,  the  per- 
turbations! results  become  more  and  more  unrealistic. 
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Fig.  1 Geometry  of  the  problem 


Fig.  4 Surface  currents  for  a perfectly  conducting  cylinder 
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Fig.  S Differential  scattering  cross-sectloni  ka  • 5)  v » oi  * \o»i  * 
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Fig.  6 Differential  scattering  cross-section;  ka  - 5;  v 
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Fig.  7 Differential  scattering  cross-section;  ka  « 5;  v-  4;  & a - 1o%;  o’ 
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Fig.  8 Differential  scattering  cross-section;  ka  = 5;  v'=1o;  A a = 1o%;  s'  ■ •*> 


Fig.  9 Differential  scattering  cross-section;  ka  = 5;  v =1o; 
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Fig.lo  Differential  scattering  cross-section;  ka  «2,5;  v«  o;  &a  = 1o»;  d 
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Fig. 11  Differential  scattering  cross-section;  ka  «1o;  v-  o;  b a « 1o%;  d 
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Flq.lJ  Differential  acatterlnq  cross-sect  Ion i ka  « 2,5i  k.a 
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ABSTRACT 


A model  for  vegetation  scatter  Is  developed  using  the  first-order  renormalization  method.  The  vege- 
tated medium  Is  taken  to  be  an  Inhomogeneous  medium  charac ter  I zed  by  a random  permittivity  function  with 
a cy 1 1 ndr leal ly  symmetric,  fas t-decay I ng  correlation  function.  The  permittivity  of  the  vegetation 
(taken  to  be  a combination  of  water  and  some  solid  material)  Is  estimated  by  mixing  formula  after  de  Loor 
(1968)  and  the  permittivity  of  the  vegetated  medium  (taken  to  be  a combination  of  vegetation  and  air) 

Is  estimated  using  a formula  by  Pierce  ( 1 955 ) - The  backseat  ter  I ng  coefficient  from  such  a model  Is 
computed  as  a function  of  the  Incidence  angle,  frequency  and  the  moisture  content  of  the  vegetation.  Com- 
parisons are  made  with  measured  data  from  soybeans,  alfalfa  and  corn. 

1.  INTRODUCTION 

It  appears  natural  to  model  a vegetated  medium  as  a collection  of  randomly  located  discrete  scatter- 
ed and  to  expect  some  of  the  existing  multiple  scattering  theories  to  be  applicable.  Indeed,  multiple 
scattering  theories  for  random  distributions  (Twersky,  V.,  1962)  or  for  arbitrary  configurations  (Twersky, 
V.,  1967)  are  available.  However,  such  theories  are  so  complicated  that  when  It  comes  to  computation 
It  Is  Impractical  to  consider  more  than  three  scatterers  (Wilton,  0.  R.  and  R.  Mlttra,  1972;  Nowarth,  B. 

A.  And  T.  J.  F.  Pavlasek,  1979).  In  the  Interest  of  arriving  at  a practical  model,  only  single-scatter- 
ing approach  has  been  applied  to  discrete  models  (Du,  L.  J.  and  W.  H.  Peake,  1961). 

When  a vegetated  medium  can  be  modeled  as  a continuous  Inhomogeneous  medium  with  strong  permittivity 
fluctuations,  theories  on  wave  scattering  and  propagation  In  such  media  become  applicable  (Frisch,  V., 
1968).  Attempts  have  been  made  to  convert  such  theories  for  an  unbounded  Inhomogeneous  medium  (Frisch, 

V.,  1968;  Tatarskii,  V.  I.,  196k)  to  those  (Rosenbaum,  S.,  1969;  Bassanlnl,  P.,C.  Cerclgnanl,  F.  Serna- 
glotto,  and  G.  Tironl,  1967;  Stogryn,  A,  197k;  Kuplec,  I.,  L.  B.  Felsen,  S.  Rosenbaum,  J.  B.  Keller,  and 
P.  Chow,  1969)  suitable  for  a half-space  Inhomogeneous  medium.  When  a three-dimensional  randomly  Inhomo- 
geneous half-space  Is  considered,  Stogryn  (197k)  showed  that  the  resulting  comp  1 1 ca I tons  demanded 
numerical  analysis.  More  recently  Fung  and  Fung  (1977)  applied  the  first-order  renorms  I i set  Ion  method 
to  a half-space  characterized  by  a random  permittivity  function  with  a large  variance  and  a cy 1 1 ndr I ca I ly 
symmetric,  fast-decaying  correlation  function.  They  were  able  to  obtain  an  approximate  close  form 
solution  to  the  blstatic  scattering  coefficient  using  a technique  after  Kuplec,  et  at.  ( 1 969) . 

A scatter  model  for  an  I nhomoqeneous  medium  cannot,  in  general,  be  viewed  as  a scatter  model  for 
vegetation.  It  Is  necessary  that  both  the  geometric  parameters  and  the  physical  parameters  of  the  medium 
resemble  those  of  the  vegetated  medium.  In  particular,  the  behaviors  of  the  average  permittivity  of  the 
medium  and  the  variances  of  the  fluctuating  part  of  the  permittivity  function  must  be  known  as  a function 
of  freguency,  moisture  content,  and  the  volume  fraction  of  vegetation  in  the  medium.  In  this  paper  the 
scatter  model  for  an  Inhomogeneous  half-space  developed  by  Fung  and  Fung  (1977)  Is  extended  to  a scatter 
model  for  leafy  vegetations  by  developing  a permittivity  model  first  for  a single  leaf  and  then  for  a 
vegetation  canopy.  The  choice  of  some  of  the  relevant  parameters  In  the  permittivity  model  is  based 
upon  existing  permittivity  measurements.  The  vegetation  scatter  model  resulting  from  the  use  of  such  a 
permittivity  model  Is  then  tested  against  scatterometer  data  acquired  from  soybeans,  alfalfa  and  corn 
canopies . 

2.  THE  BACK5CATTERI NG  COEFFICIENT 


When  the  Inhomogeneous  half-space  is  characterized  by  a relative  random  permittivity  function  of  the 
form  e(r)  • e0  ♦ es(r)  where  c . Is  the  mean  (or  average)  permittivity  and  cs(r)  is  the  fluctuating  part 
of  the  permittivity  function.  It  Is  Intuitively  clear  that  for  a vegetated  medium  modeled  by  a collection 
of  leaves,  Cj(r)  must  have  a fast-decaying  correlation  coefficient.  This  follows  from  the  fact  that 
leaves  have  very  small  thickness.  It  Is  also  Intuitively  clear  that  most  leaves  do  not  stand  straight 
up.  Henca, I f symmetry  property  Is  assumed  It  must  be  cylindrical  Instead  of  spherical  In  nature.  When 
the  correlation  coefficient  Is  taken  to  have  cylindrical  symmetry,  l.e. 


o(  L.n,c) 


exp(- 


o2),/2 


where  t Is  the  correlation  length  In  the  horizontal  plane  and  lz  Is  the  correlation  length  In  the  vertical 
direction,  the  backscatterlng  coefficient  from  such  an  Inhomogeneous  half-space  due  to  an  Impinging 
plane  wave  at  an  Incident  angle,  8,  has  been  shown  to  be  given  approximately  by  (Fung,  A.  K.  and  H.  S. 
Fung,  1977) 
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where  k Is  the  wave  number  In  air,  o2 
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In  the  above  ka  It  the  average  wave  number  In  the  Inhomogeneous  random  medium.  For  horizontal  polar!* 
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A PERMITTIVITY  MODEL  FOR  LEAFY  VEGETATION 


The  scattering  coefficient  given  In  the  previous  section  Is  defined  In  terms  of  the  permittivity 
of  the  vegetated  medium.  Until  an  estimate  of  this  parameter  for  a given  type  of  vegetation  is  known, 
the  scattering  coefficient  formula  cannot  be  viewed  as  a scatter  model  for  vegetation. 

To  arrive  at  an  estimate  for  the  average  value  and  the  variance  of  the  permittivity  of  the  medium 
It  Is  necessary  first  to  obtain  .in  estimate  of  the  permittivity  of  a single  leaf.  When  a leaf  Is  taken 
to  be  a mixture  of  some  solid  material  with  water  granules  embedded,  the  relative  static  permittivity 
of  the  mixture  can  be  expressed  In  the  form  (de  loor , G.  f\  , 1968) 

} 

lm‘  + <V3)(tw  ' ..>!>  * <<S/C*>  - '>A|1  <2> 

J-l 

where  Vw  is  the  volume  filling  factor  of  the  dispersed  granules;  tM,  c,  are  the  permittivities  of  water 
and  the  solid  material  respectively;  r*  Is  the  effective  'Internal1  dielectric  constant  which  Is  really 
not  known  but  can  be  taken  to  be  ct  In  this  case;  and  A j ' s are  the  depolarization  factors  along  the  main 
axes  of  the  ellipsoidal  granules.  In  general,  the  permittivity  of  a mixture  is  not  estimated  directly 
but  rather  the  upper  and  lower  bounds  are  estimated  by  Interchanging  the  roles  of  water  and  the  solid 
material,  l.e.,  by  considering  granules  of  water  dispersed  In  a continuum  of  the  solid  material  In  one 
case  and  the  dispersing  of  granules  of  solid  material  In  water  In  the  other  case.  For  the  purpose  of 
this  paper  we  shall  model  the  leaf  as  a mixture  of  water  granules  dispersed  In  a continuum  of  some  solid 
material.  According  to  de  Loor  (1968)  for  disc-shaped  granules,  Aj  ■ 0;  0;  I.  Under  this  assumption, 
the  relative  macroscopic  static  permittivity  of  a leaf  Is  given  by 


c - 5 ♦ 51 • 56B 
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where  r,  is  taken  to  be  5 and  rw  to  be  80.  The  above  formula  Is  expected  to  be  valid  when  Vw  lies 
between  0.1  and  0.6  For  materials  with  very  high  water  contents  (Vw  - 75J),  other  estimating  formulae 
were  recommended  by  de  Loor  and  Mel j boom  (1966). 
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To  find  the  complex  permittivity  of  e leaf  at  microwave  frequencies,  the  following  formulae  (given 
by  de  Loor  and  heijboom,  1 966)  for  the  real  and  the  Imaginary  parts  may  be  used 


cr  • 5.5  ♦ 


55 


I ♦ f2t2 
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(Ab) 


where  t Is  the  relaxation  time  of  water  which  depends  on  temperature,  f Is  the  frequency  under  considera- 
tion. At  20*C,  ft  Is  approximately  equal  to  (1.85/*),  where  A Is  the  e lectromagnatlc  wavelength  In  cm. 


For  a single  leaf  the  moisture  content  Is  usually  measured  on  a wet  weight  basis,  l.e. 


W - U 
t "d 


where  W(  Is  the  total  wet  weight  of  the  leaf  and  Wj  Is  the  weight  after  drying.  To  find  the  relation 
between  H and  VM  let  d,  be  the  density  of  the  solid  material  and  be  the  density  of  water.  Then 
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A plot  of  M versus  Vw  using  the  ratio,  dw/dj,  as  a parameter  Is  shown  In  Figure  I.  When  (^/dj  Is  chosen 
in  the  range  3 and  5,  the  computed  values  of  cr  and  C|  at  8.5  GHz  compare  reasonably  well  with  Carlson's 
(1967)  permittivity  data  for  leaves  as  shown  In  Figure  2.  In  view  of  the  scatter  In  the  data,  there  are 
clearly  other  possible  choices  In  the  parameters  of  the  permittivity  model  for  a single  leaf.  However, 
until  more  permittivity  measurements  are  available  the  above  choice  will  serve  well  as  an  Illustration. 
Thus,  when  the  moisture  content  Is  given  either  In  terms  of  Vw  or  H,  cm  can  be  computed  using  (3)  and 
then  er  and  c|  can  be  obtained  for  a given  frequency  and  temperature  via  (A).  The  permittivity  of  a 
single  leaf,  ct,  Is  then  given  by 


- Er  * J£l 


With  the  permittivity  for  a single  leaf  known  the  average  permittivity  of  the  medium  consisting  of 
leaves  and  air  may  be  estimated  by  a simple  mixing  formula  (Pierce,  C. , 1955): 


ca  ’ <ElVt  +V/V 


(5) 


where  V is  the  total  volume  of  the  medium;  Vx  is  the  volume  occupied  by  leaves  and  Va  Is  the  volume 
occupied  by  air.  The  variances  of  the  real  and  the  Imaglngery  parts  of  the  fluctuating  relative  per- 
mittivity, c$(r)  of  the  vegetated  medium  can  be  estimated  by 
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where  t|r,  are  the  real  and  the  Imaginary  parts  of  c#. 
A.  THEORETICAL  RESULTS 


With  the  scatter  model  defined  by  (I)  and  the  parameters  associated  with  the  permittivity  function 


of  the  medium  given  by  (5)  and  (6),  theoretical  curves  of  alp(8)  as  • function  of  frequency.  Incident 


angle,  and  moisture  are  shown  In  Figures  3 and  A.  The  geometric  parameter  tx  Is  a quantity  proportional 
to  the  thickness  of  the  leaf  and  the  parameter  t Is  the  horizontal  correlation  length  of  the  fluctuating 
permittivity.  The  normalized  quantity  kt  is  an  effective  quantity  since  the  exploring  wavelength  is 
known  to  have  a filtering  characteristic.  The  values  of  ktx  and  kt  used  for  computation  of  curves  In 
Figures  3 and  A are  tabulated  In  Table  I.  In  general,  a large  kt  values  causes  the  opp(8)  curve  to 
drop  off  faster  with  the  Incident  angle  and  a larger  ktx  value  simply  raises  the  level  of  the  opp(8)  curve. 
The  value  of  tz,  however,  must  be  a fraction  of  a millimeter. 


In  Figure  2 It  was  shown  that  the  ratio  of  the  densities  of  f,-/dJ  Is  around  3 to  5 for  reasonable 


fit  of  Carlson's  data.  The  effect  due  to  the  choice  of  this  ratio  on  opp(8)  Is  shown  In  Figure  3>  It 


Is  seen  that  In  general  there  Is  an  Increase  In  the  level  of  opp(e)  over  all  frequencies  and  Incident 
angles  as  this  ratio  Is  decreased  from  5 to  3.  The  amount  of  change  Is  around  1 dB  Indicating  that  an 
error  In  the  choice  of  this  parameter  within  the  Indicated  range  does  not  lead  to  significant  differences 

In  o’  (8).  , 

PP 


■ J 
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Figure  * show*  the  effect  of  the  percent  volume  of  vegetetlon  on  the  computed  opp(8)  curvet.  At 
thli  parameter  Increetet,  the  level  of  opp(«)  decreetet.  The  effect  may  not  be  reeltlnce  the  model  for 
the  vegetated  medium  atiumat  a plane  el r-vegetetlon  boundary.  The  mot t tlgnlflcent  affect  In  changing 
thlt  parameter  It  that  tmaller  percent  volume  of  vegetation  cautet  njp(e)  curve  to  drop  off  tlower  with 
the  Incident  angle. 

From  the  above  ttudy  It  It  teen  that  with  the  percent  volume  rattrlcted  to  be  lett  than  It  (Atteme, 
Ir  I.  P.  W.  and  F.  T.  Ulaby,  1976)  end  the  ratio  of  deniltlet  lying  In  the  range  3 to  S,  the  dielectric 
model  for  the  vegetated  medium  It  completely  specified.  Of  the  two  geometric  parameter!,  t,  mutt  be  a 
fraction  of  a millimeter  (tinea  It  repretentt  the  effective  thlckneti  of  the  leaf)  and  t,  the  correlation 
length  of  the  fluctuating  permittivity.  It  the  only  parameter  whole  value  It  uncertain.  For  a given 
vegetation  at  a given  point  In  time,  kt  can  only  be  determined  at  a given  frequency  by  fitting  the 

meatured  o*_(#). 

PP 

Table  I.  Theoretical  Parameteri 


For  Figures  3 and  k 

Frequency 

8.6  GHz 

II  GHz 

13  GHz 

15  GHz 

17  GHz 

kl* 

.108 

.138 

• 17k 

.193 

.213 

kt 

.30 

.35 

.36 

.365 

.37 

5.  COHPAAI SOWS  Wl TH  MEASUREMENTS 

(featured  opp(8)  value!  for  alfalfa,  toybeant,  and  corn  have  been  reported  by  Buth  and  Ulaby  (1975), 
Buth,  Ulaby,  and  Hetzler  (1975),  and  Ulaby  and  Buth  (1975).  It  It  noted  In  thete  references  that  after 
accounting  for  pottlble  difference  due  to  calibration  the  level  of  ouy(e)  for  vertical  polarization  It 
only  tllghtly  higher  (lett  than  1/2  dB)  than  the  corretpondl  ng  o^u(8).  Hence,  only  (a ) Is  shown 
for  comparison  In  Figures  5 through  7.  The  moisture  content  of  alfalfa  when  fully  grown  In  height 
stays  essentially  constant  around  0.805  which  It  the  value  used  for  the  theoretical  curves  shovel  In 
Figure  5.  Other  parameters  used  In  the  theory  are  tabulated  In  Table  2. 

Table  2.  Parameter  Values  for  Alfalfa 


Vt/V 

0.  St 

Frequency 

8.6  GHz 

1 1 GHz 

13  GHz 

15  GHz 

17  GHz 

■n 

.072 

.092 

. 109 

.126 

. Ik2 

kt 

.2k 

.29 

.295 

.31 

.315 

c 

1. Ik20 

1.1167 

1.1065 

1.097k 

-J.0608 

-J.07I6 

-J.0732 

-J .0733 

°cr 

3.716 

2.993 

2.k7k 

2 . OkO 

1.688 

5 

°cl 

0.7319 

0.9216 

1.0167 

1.0605 

I.06k3 

Note  that  In  Table  2 the  three  parameters  associated  with  the  permittivity  are  obtained  from  the  permittivity 
model  and  are  not  subject  to  choice.  The  value  of  lz  once  chosen  determines  the  values  of  ktj  at  all 
frequencies.  As  seen  In  Figure  5,  satisfactory  agreements  In  absolute  level  and  trends  are  obtained 
at  different  Incident  angles  over  the  entire  frequency  range  considered. 

The  moisture  content  of  soybeans  after  reaching  maturity  Is  always  over  0.80.  The  theoretical  value 
used  In  Figure  6 Is  0.816.  Other  parameters  used  In  the  theory  are  tabulated  In  Table  3.  As  seen  from 

Figure  6,  very  good  agreements  between  theory  and  measured  values  of  oJH(8)  are  ot  alned. 

In  Figure  7.  comparisons  are  made  with  data  taken  from  corn.  The  data  shown  vary  In  moisture  con- 
tent from  approximately  0.73  to  0.8k.  As  a result  two  theoretical  curves  are  computed  at  0.73  and  0.8k 

moisture  values.  The  upper  curve  at  each  Incident  angle  corresponds  to  the  higher  moisture  value.  Other 
parameters  used  In  the  theory  are  shown  In  Table  k.  Here  again  very  good  agreements  are  obtained  in 
both  the  absolute  level  and  the  trends  In  Incidence  angle,  fiequency  and  moisture  content. 
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Table  ).  Perimeter  Value*  for  Soybean* 


vt/v 

0.3* 

Frequency 

8.6  MHz 

II  GHz 

13  GHz 

15  GHz 

17  GHz 

lg  ■ 0. k58  mm 

.0825 

. 106 

. 125 

.138 

.165 

kt 

. 2k6 

.315 

. )k6 

.355 

.360 

c 

• 

1.0873 

-J.0376 

1.0786 

-J.Ok22 

1.0717 

-J.0kk3 

1 . 065k 
-J ■ Ok53 

1.0597 

-J.0k5) 

Y 

0 

cr 

2.355 

1.89k 

1.56k 

1.288 

1.065 

i 

°cl 

. k6R2 

.5896 

. 6504 



.678k 

.6808 

Table  k.  Parameter  Values  for  Corn 

Vt/V 

0.3* 

Frequency 

8.6  GHz 

II  GHz 

13.8  GHz 

15. k GHz 

17  GHz 

k,z 

l j ■ 0.  k8  mm 

.0865 

.1110 

. IkOO 

. I5k0 

.1710 

kt 

.28 

.35 

.38 

39 

■ k0 

<1 

M - 0. 8k 

1.0951 
*J . Okl 7 

1 . 085k 
-J.0k68 

I.07k8 

-J.Ok97 

1.069k 

-J.0502 

1 . 0666 
-J.0503 

2 

otr 

2.8078 

2.2506 

1.710k 

1 . k605 

I.2k98 

2 

°*l 

.5763 

.7258 

.8188 

.8)79 

.8)81 

N -'8.73 

1 . 7025 
-J.0297 

1.0657 
-J -0336 

1.0581 

-J.0355 

I.05k2 

-J.0359 

1.0507 
-J. 03587 

2 

0 

cr 

1.601k 

1 . 3005 

1 . G06k 

.8692 

.7530 

2 

"cl 

.2931 

■ 3692 

.6165 



. k262 

. k263 

6.  CONCLUSIONS 


For  the  leafy  type  vegeta 1 1 on , a perml 1 1 1 vl ty  model  ha*  been  found  which  when  u*ed  wl t h a f I rst -order 
renormalization  theory  (Fung,  A.  K.  and  H.  S.  Fung,  1977)  provide*  *atl*factory  predictions  of  dpp(i') 
value*  over  Incident  angle*  from  30*  to  70*  ana  over  a frequency  range  from  8.6  GHz  to  17  GHz.  Note 
that  smaller  Incident  angle*  are  not  chosen  to  avoid  possible  ground  effect*.  The  theory  used  does  not 
account  for  the  Irregular  air  vegetation  boundary  and  I*  restricted  to  densely  populated  vegetation*. 

It  Is  expected  that  In  order  to  predict  the  height  of  the  vegetation*  over  their  growth  period  further 
refinement  of  the  theory  or  other  type  of  modeling  I*  necessary. 
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SUMMARY 

Propagation  prediction  models  applicable  to  VHP  military  type  links  in  W.  Germany  have  been  derived. 
These  relate  to  a static  base  station  located  to  give  good  area  coverage  operating  to  various  vehicular 
outstation  sites.  The  initial  stages  of  the  work  involved  the  measurement  of  propagation  losses  (and  local 
signal  variations)  for  830  paths  at  3 frequencies,  and  also  the  construction  of  a digitised  topographic 
data  base  for  the  area  considered.  The  latter  enabled  two  dimensional  path  profiles  with  associated 
surface  features  (such  as  trees  and  buildings)  to  be  rapidly  produced  between  any  two  points  within  the 
data  base  area.  The  measured  data  were  analysed  in  conjunction  with  the  associated  path  profiles  to 
produce  prediction  models  for  both  the  median  propagation  loss  and  the  local  signal  variations  as  functions 
of  the  path  profile.  The  standard  deviation  of  prediction  error  for  the  former  was  7.3  dB,  whilst  the 
average  standard  deviation  for  the  signal  distribution*  for  the  latter  was  2.5  dB. 

1.  INTRODUCTION 

The  requirement  for  a VHF  prediction  method  originated  with  the  need  to  simulate  the  performance  of 
proposed  VHF  communications  systems  for  the  British  Army.  In  such  simulations  of  communicability  and 
electromagnetic  compatibility  the  transmission  loss  is  usually  the  least  well  defined  parameter.  In  order 
to  provide  realistic  predictions  for  deployments  of  equipi^-nts  in  U.  Germany,  it  was  necessary  to  obtain 
trials  data  in  that  area.  Further,  for  optimum  realism,  it  was  decided  to  develop  a path  profile  related 
method  and  this  in  turn  required  the  production  of  a computerised  topographic  data  base.  Although  path 
profile  methods  are  in  existence  for  certain  situations,  no  validated  approach  applicable  to  military  VHF 
links  in  W.  Germany  has  been  available. 

The  decision  to  develop  a path  profile  method  was  taken  because  of  the  technical  drawbacks  of  the 
simpler  statistical  terrain  equations  for  the  applications  proposed.  The  latter  approach  (as  demonstrated, 
for  example,  by  Egli,  ref.l)  gives  the  mean  value  and  standard  deviation  of  path  loss  as  a function  of 
range,  frequency  and  antenna  heights  for  a given  terrain  type,  site  selection  method  and  polarisation. 

This  type  of  equation  is  of  value  in  assessing  and  conq>aring  the  performances  of  systems  in  the  conceptual 
stage.  However,  problems  arise  when  considering  specific  deployments;  for  example,  given  terminal  equip- 
ments at  specified  locations  A and  B,  it  is  not  always  sufficient  to  use  a statistical  terrain  equation  to 
say  that  for  such  terminals  at  the  range  AB  in  this  general  type  of  terrain  there  is  a 10X  chance  of 
successful  communication.  The  link  AB  might  be  perfectly  usable  and  may  indeed  fulfil  an  important  opera- 
tional role.  It  may  well  be  carefully  selected  with  regard  to  the  path  profile  or  known  to  be  workable 
from  prior  experience.  In  order  to  reflect  this  dependence  it  is  necessary  to  devise  a prediction  method 
based  on  a consideration  of  individual  path  profiles. 

2.  TERRAIN  DATA  BASE 

2.1  General 

A data  base  is  required  to  produce  terrain  heights  and  associated  surface  features  (such  as  trees)  for 
paths  within  the  area  considered.  A computerised  digital  data  base  is  clearly  desirable  to  enable  profiles 
to  be  rapidly  produced. 

The  accuracy  of  a path  profile  is  determined  by  the  basic  accuracy  of  the  data  set,  together  with  any 
interpolation  errors.  In  the  context  of  propagation  loss  prediction,  the  greatest  precision  is  usually 
required  near  the  terminals,  particularly  for  a low  or  vehicle  mounted  antenna. 

2.2  German  Data  Base 

BAC  have  produced  a computerised  terrain  data  base  covering  a 200  x 85  km  area  within  Germany.  The 
terrain  heights  and  surface  features  were  extracted  from  points  on  1:  50,000  maps  using  a variable  grid 
size.  In  generally  flat  areas  a 500  m square  grid  was  used,  in  undulating  terrain  a 250  m grid  and  in 
hilly  areas  a 125  m grid.  In  the  extraction  of  the  terrain  heights,  the  grid  points  were  often  situated 
between  two  contour  lines  and  the  heights  were  estimated  by  interpolation. 

The  surface  features  associated  with  each  grid  point  were  classified  with  one  of  7 categories  indica- 
ting such  details  as  buildings,  woods,  open  water  and  open  ground. 

2.3  Usage  of  the  Data  Base 

With  respect  to  the  application  to  VHF  propagation  prediction,  two  simplifying  assumptions  were  made. 
Firstly  it  was  assumed  that  the  two  dimensional  path  profile  sufficiently  defined  the  propagation  features. 
THis  disregard  of  the  terrain  bordering  the  path  is  probably  justified  for  the  area  of  Germany  considered. 
In  mors  mountainous  areas,  three  dimensional  effects  such  as  reflections  from  mountain  sides  may  be 
significant.  It  was  further  assumed  that  the  effects  of  ray  bending  in  the  atmosphere  due  to  the  variation 
in  refractive  index  with  height  could  be  included  by  the  use  of  an  effective  earth  radius  of  4/3  true  earth 
radius.  Thiu  is  referred  to  as  a standard  atmosphere  (ref.  2).  In  order  to  represent  rays  on  a profile 
as  straight  lines,  the  terrain  elevations  on  each  path  profile  were  modified  in  accordance  with  the  4/3 
earth  radius. 


J.  DESCRIPTION  OK  THE  VHP  PROPAGATION  TRIALS  IN  GERMANY 

3.1  Introduction 

The  purpose  of  the  propagation  trial  was  to  collect  measured  data  for  use  with  the  EMC  analysis  of 
deployments  ot  military  equipments  in  Germany.  Following  a study  of  the  terrain  of  West  Geraiany  and  that 
of  the  UK,  it  was  decided  that  to  obtain  representative  measurements  the  trial  would  have  to  be  held  in 
West  Germany.  This  was  because  Che  topography  in  W.  Germany  was  characterised  by  distinctive  heavily 
wooded  high  ground;  in  the  UK  most  of  the  high  ground  is  not  covered  by  trees. 

3.2  Measurement  Equipment 

The  trials  frequencies  allocated  were  41.9,  74. S and  107.5  Hlx.  The  base  station  radiated  all  three 
frequencies  simultaneously  from  independent  crystal  controlled  transmitters  which  supplied  approximately 
15  w of  cv  W power  at  each  antenna.  A separate  vertically  polarised  unipole  antenna  mounted  on  a Clark 
mast  was  used  for  each  frequency  with  the  antenna  feed  point  13  m above  ground  level.  The  masts  were 
separated  from  each  other  by  at  least  3 wavelengths. 

The  vehicular  receiver  was  designed  to  receive  on  only  one  of  the  three  frequencies  at  any  one  time. 
This  obviated  the  need  for  more  than  one  antenna  on  the  vehicle  (a  Landrover)  with  the  attendant  potential 
problems  of  distortion  of  antenna  radiation  patterns.  The  antenna  used  was  a vertically  polarised  centre 
fed  whip  with  a feed  point  about  2.7  m above  ground  level.  The  output  from  this  antenna  was  connected 
through  an  antenna  tuning  unit  and  an  adjustable  attenuator  to  a frequency  converter,  which  in  turn  fed  a 
narrowband  receiver  set  to  24  MHz.  The  IF  bandwidth  of  this  system  was  400  Hz  which  gave  the  equipment 
the  capability  of  measuring  path  losses  of  up  to  164  dB.  The  minimum  measurable  path  loss  with  the  RF 
attenuators  used  was  72  dB.  The  received  signal  level  was  recorded  both  on  magnetic  tape  and  a pen 
recorder  for  each  frequency  and  receiver  location. 

The  standard  deviation  of  path  loss  measurement  error  was  experimentally  found  to  be  2 dB,  and  this 
was  lsrgely  due  to  the  variations  in  the  vehicular  antenna  radiation  pattern  with  orientation. 

3.3  Site  Selection 


The  transmitter  and  receiver  sites  were  selected  taking  into  account  the  main  purpose  of  the  trisl, 
namely  the  production  of  a set  of  measured  propagstion  losses  between  base  stations  located  on  high  ground 
and  a number  of  randomly  located  mobile  outstation  sites.  In  conjunction  with  this  was  the  need  to  hsve 
sn  accurate  knowledge  of  the  location  of  both  the  base  station  and  the  outstation  as  the  measurements  were 
to  be  used  to  develop  s path  profile  related  prediction  technique. 

One  of  the  technical  requirements  of  the  sitings  was  to  provide  as  complete  a cross  section  as 
possible  of  the  profile  types  within  the  trials  srea.  The  receiver  site  was  further  required  to  permit 
measurements  to  be  taken  by  the  mobile  receiving  vehicle  over  a distance  of  not  less  than  100  metres,  and 
this  implied  thst  the  receiver  sites  generally  had  to  be  on  sections  of  road.  As  the  measurements  were 
to  be  repested  for  esch  of  the  three  frequencies,  and  the  location  had  to  be  easily  found  on  a map  and 
recognised  on  srrival,  rosd  junctions  were  usually  selected  as  receiver  locations. 

Seven  transmitter  sites  and  830  receiver  sites  were  used  during  the  trisl,  although  due  to  equipment 
malfunction  not  all  three  frequencies  were  measured  st  some  of  these  receiver  locations.  The  final  data 
set  comprised  2323  messurements  with  link  ranges  from  1.7  to  61  km. 

3.4  Measurement  Procedure 

At  each  receiver  location,  a recording  of  the  signal  strength  was  made  for  each  frequency  in  turn  over 
a 100  metre  range.  This  provided  information  on  both  the  path  loss  and  local  signal  fluctuations.  A 
sketch  map  of  the  site  was  drawn  and  a photograph  taken  showing  the  terrain  in  the  direction  of  the  trans- 
mitter. These  provided  guidance  on  the  local  clutter  around  the  receiver  antenna.  A sample  of  all  the 
data  taken  at  a receiver  site  is  shown  in  Fig.l,  together  with  a computer  generated  path  profile. 

Throughout  the  duration  of  the  trial,  both  the  transmitter  and  receiver  equipment  were  regularly 
checked  to  ensure  the  accuracy  of  the  measured  path  losses.  On  most  days,  one  site  would  be  repeated  at 
the  end  of  the  day;  this  would  either  be  a site  used  previously  that  day  or  a standard  repeat  site  for  the 
appropriate  transmitter.  Little  variation  of  median  path  loss  was  found  and  usually  mersurements  were 
within  1 dB  of  each  other. 

Since  a common  vehicular  orientation  would  have  been  used,  the  spread  implied  by  the  2 dB  standard 
deviation  of  path  loss  measurement  accuracy  does  not  apply. 

4.  ANALYSIS  OF  RESULTS 

4.1  Introduction 

Each  of  the  2323  trials  measurements  was  processed  to  product  the  median  path  loss,  the  standard 
deviation  of  the  signal  variations  and  the  upper  and  lower  decile  points. 

Prediction  mode1*  for  the  median  signal  level  were  produced  usinR  a data  set  comprising  the  median 
path  losses  and  the  associated  path  profiles.  The  statistical  terrain  approach,  which  permits  comparison 
with  the  Egli  model  (ret.  1)  is  given  in  Section  4.2.  A semi-theoretical  and  a statistical  path  profile 
related  prediction  method  are  described  in  Sections  4.3  and  4.4  respectively. 

The  statistics  of  the  local  signal  variations  were  analysed  in  conjunction  with  the  path  profiles  to 
produce  a prediction  model  lor  the  small  sector  signal  distribution.  Section  4,5. 
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Although  tha  pro|tagat Ion  trlala  were  not  specifically  designed  to  produce  statistical  tarrain  equa- 
tiona,  a c.aaparleon  with  tha  Kgli  method  Iraf.  1)  la  appropriate  since  thla  ralataa  to  fiaed  to  vehicular 
links  at  VHF.  It  waa  estimated  that  tha  population  of  raaulta  waa  aufflclant  to  compare  with  Kgli  ovar 
tha  tanga  Intarval  1 to  1R  km  ami  tlta  frequencies  covered  by  tha  trlala. 

An  equation  waa  derived  by  llnaarly  regressing  tha  trlala  .lata  agalnat  log  lltanga)  ami  log  (Frequency) 
tha  raaulta  balng  aa  followai- 

Natlian  I'ath  Loaa  • 70.1  ♦ lb. 9 log^R  ♦ 9.9  log^F,  <1®  ("all  patha”  aquation) 

Standard  Daalatlon  • 11.)  dA 

whara  R la  tha  link  ranga  In  km  and  F tha  fraquanry  In  NHa. 

In  ordar  to  indicate  atatiatical ly  tha  affact  of  obataclea,  auhaata  of  tha  rwaulta  wara  takan  and 
atatiatical  aquatlona  darlvad. 

In  tha  claaalf Ication  of  path  typaa,  a llna  of  light  path  waa  daflnad  aa  ona  whara  a Una  drawn 
batwaan  tha  two  antannaa  claarad  tha  tarrain.  Fteanel  aonaa  wara  Ignorad. 

(a)  l.ina  of  Sight  Patha. 

Nadi  an  Path  lataa  • 71.0  ♦ 17. A log^R  a 7. A log^F,  dA 
Standard  Davlatlon  - A. 7 dA. 

lb)  Ona  Ohatacla. 

Nad l an  Path  Loss  - 7J.5  ♦ 2A.1  log  R ♦ 12.7  log^P,  dA 
Standard  Deviation  • 10.0  dB. 

(c)  Nultlpla  Obataclaa. 

Nadi  an  Path  Loan  - 91.1  ♦ 19.1  log^A  ♦ U.A  log^F,  dB 
Standard  Davlatlon  • 9.9  dB. 

All  tha  abova  aquatlona  ara  ahown  In  Fig. 2 for  a fraquanry  of  71  Mia,  togathar  with  tha  Kglt  aquation. 
Tha  lattar,  for  ona  antanna  halght  graatar  than  10*  and  tha  othar  laaa  than  10*  may  ha  expressed  aa 
follows!- 

Nad  tan  Path  Loaa  « 76.1  ♦ AO  log^R  a 20  log^P  - H ..  dB 
whara  « 70  la|^  hT  a 10  log^^  hR  for  h^  » JO',  hR  < 10' 

Standard  Davlatlon  • i ' 2 

whara  tha  ranga  R la  In  ka,  tha  fraquanry  F In  MU  and  tha  halghta  h^...^  in  aatraa. 

For  tha  l'  a and  2.7  m antanna  halghta  naad  In  tha  Herman  trlala,  tha  aquation  bec.xaea:- 

Nadlan  Path  l.oaa  • A9.7  ♦ AO  log^R  * 20  tog^F,  dR. 

It  la  apparant  f roa  Flg.1  that  tha  median  loaa  predicted  hy  tha  "all  patha"  aquation  ia  in  cloaa 
agreement  with  that  of  tha  Kgli  equation.  However,  tha  atamlard  deviation  of  prediction  error  for  tha 
lattar  la  much  lower,  probably  due  to  tha  uaa  of  1-1  mile  sampling  intervila  for  Kgli 'a  awaaured  data 
(rather  than  100  m)  . 

A.  I Sami-Thaorat  leal  Path  Profile  Related  Prediction  Nethod 

For  thia  approach,  it  waa  aaauaw.l  that  tha  baalc  path  loaa  waa  roaqiriaed  of  the  free  apace  loaa  plua 
additional  loaaaa  Introduced  by  the  preaenre  of  tha  earth.  Tha  propagation  featutea  ronaidered  ware 
diffract  tone  ovar  hilla,  reflect  Iona  fr.aa  tha  ground  etui  acat  taring  and  ahaorption  from  clutter  in  tha 
vicinity  of  tha  tenainala.  Thia  afforded  an  opportunity  to  correlate  tha  trlala  raaulta  with  baalc  propa- 
gation thaoty.  Tha  procedure  adopted  waa  to  atari  with  tha  meaaured  loaaaa  and  auhltact  tha  loaaaa  due  to 
each  propagation  mechaniam. 

Initially,  tha  free  apace  loaaaa  were  aubtracted  fr.aa  tha  maaauted  loaaaa  and  euhaeqnent  ly  tha 
diffraction,  reflection  ami  clutter  wchaniama  wara  conatdered  In  turn. 


A. 1,1,  Free  Space  Loaa 

Thia  waa  tha  atandard  formula I- 

Path  Loaa  • 12. A ♦ 10  ><’6,,,*  ♦ 20  log.  F,  .IB 


for  R In  km  and  F in  NHa. 
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4.1.2.  Diffraction  Loss 

It  was  assumed  that  all  obstacles  could  be  considered  as  perfectly  absorbing  knife  edges.  Although 
obviously  untrue  for  some  situations,  it  was  considered  that  for  the  terrain  in  the  trials  area  it  was  a 
reaaonable  assumption  for  VHF  frequencies. 

Paths  were  categorised  as  follows. 

(a)  Line  of  Sight 

On  the  basis  of  initial  testa,  the  effect  of  below  line  of  sight  diffraction  was  ignored.  For 
most  paths  this  waa  a small  loss;  the  maximum  value  would  be  6 dB.  The  residual  loss  for  each  of 
these  paths  was  calculated  as  the  measured  loss  less  the  free  space  loss.  The  mean  was  26. 5 dB  and 
the  standard  deviation  9.1  dB. 

(b)  Single  Obstacle 

For  a single  obstacle,  the  diffraction  loss  was  calculated  from  the  standard  Fresnel  integral 
(ref.  2).  The  residual  losses,  i.e.  the  measured  losses  less  free  space  and  diffraction  losses,  had 
a mean  of  24.9  dB  and  a standard  deviation  of  10.4  dB. 

(c)  Multiple  Obstacles 

The  extension  of  the  single  knife  edge  diffraction  theory  to  two  or  more  obstacles  involves 
considerable  mathematical  complexity.  Various  approximations  have  been  published,  for  example, 
Bullington,  ref.  3,  Epstein  Peterson,  ref.  4,  Japanese  atlas,  ref.  5 and  Deygout,  ref.  6.  In  the 
analysis  of  the  trials  data,  all  four  methods  were  tested.  The  Epstein  Peterson  method  was  finally 
chosen  as  this  gave  the  best  fit  to  the  trials  data.  The  mean  residuals  for  2,  3 and  4 edges  were 
23.6,  24.0  and  20.1  dB  respectively,  while  the  standard  deviations  of  the  residuals  were  9.4,  9.7 
and  9.7  dB. 

4.3.3.  Reflection  Loss 

The  calculation  of  the  loss  caused  by  reflections  from  the  earth's  surface  is  more  difficult  to 
define  than  the  diffraction  loss,  particularly  for  a computerised  prediction  model.  This  is  mainly  due  to 
the  difficulty  of  identifying  significant  reflecting  planes  using  a computer.  Civen  a profile,  it  is 
relatively  easy  for  a trained  observer  to  recognise  by  eye  the  position  of  the  reflecting  plane  or  planes. 
Further,  the  site  of  the  reflecting  plane  may  be  considered  and  compared  with  the  area  cut  by  the  first 
Fresnel  zone  associated  with  the  ray,  to  Indicate  the  significance  of  the  reflection. 

In  practice,  some  assumptions  were  made  to  simplify  the  computation  of  the  reflection  plane  location. 
In  particular,  for  obstructed  paths,  it  was  assumed  that  the  only  significant  reflection  occurred  on  ground 
between  the  2.7  m high  receiver  and  nearest  obstacle.  Having  defined  a reflection  plane,  the  reflection 
loss  may  be  calculated  from  the  effective  antenna  heights  and  reflection  coefficient.  The  latter  was 
theoretically  computed  from  a knowledge  of  the  signal  polarization,  frequency,  reflection  angle,  permit- 
tivity and  conductivity  of  the  ground.  This  coefficient  was  modified  using  an  empirical  correction  (ref. 

2)  related  to  the  terrain  roughness  within  the  first  Fresnel  zone  and  the  reflection  angle.  However,  for 
Che  small  reflection  angles  encountered,  this  factor  was  usually  nearly  unity.  Following  the  procedure 
of  producing  the  best  fit  of  the  residual  losses,  the  transmitter  effective  height  was  referred  Co  the 
reflection  plane,  but  the  receiver  height  was  set  to  the  actual  antenna  height.  This  clearly  only  involves 
a physical  propagation  mechanism  when  the  receiver  is  located  on  the  reflecting  plane. 

At  this  stage,  the  average  value  for  the  residual  loss  (that  is  the  average  of  the  measured  losses 
less  the  free  space,  reflection  and  diffraction  losses)  was  about  10  dB. 

4.3.4.  Clutter  Loss 

This  is  the  loss  attributable  to  local  terminal  conditions,  such  as  trees  and  buildings.  In  order  to 
calculate  such  a loss,  a higher  degree  of  detail  of  the  terrain  data  base  would  have  been  required,  for 
example,  including  such  parameters  as  fol iage /bui lding  heights  and  thicknesses.  In  the  absence  of  such 
data  on  the  profiles,  the  clutter  loss  was  determined  empirically  against  the  trials  data  to  produce  an 
overall  zero  mean  error.  Profile  features  such  as  the  data  base  definition  of  trees  within  500  metres  of 
the  receiver  and  the  angle  between  the  ray  and  the  ground  in  the  vicinity  of  the  transmitter  were 
considered.  In  order  to  improve  prediction  accuracy,  the  data  w*»re  subdivided  into  5 different  clutter 
categories  for  each  path  type  (line  of  sight,  single  and  sailtiple  obstructions)  and  a total  of  15  equations 
produced. 

4.3.5.  Prediction  Equation 

The  equation  produced  was  designed  for  use  on  the  computer  in  conjunction  with  the  terrain  data  base 
and  since  the  details  wc re  complex,  the  full  equation  is  not  reproduced  here.  As  described  ebove,  the 
equation  has  the  form:- 

Median  Path  Loss  - Free  Space  Loss  ♦ Diffraction  Loss  ♦ Reflection  Loss  ♦ Clutter  Loss. 

When  applied  to  the  trials  data,  the  overall  average  standard  deviation  of  prediction  accuracy  for 
the  15  equations  was  7.4  dB.  The  predicted  loss  relates  to  links  from  a 13  m high  antenna  to  a 2.7  m high 
antenna.  Although  trials  data  were  not  obtained  for  other  heights,  the  correlation  of  the  results  with 
Egli  for  13  m/2.7  m antenna  heights  (Section  4.2)  suggests  that  the  Egli  height  gain  factors  would  be 
appropriate.  With  these  factors,  the  median  propagation  loss  falls  as  the  antenna  height  (h)  is  increased 
at  a rate  given  by  10  log^h  for  h less  than  30  feet  and  at  a rate  of  20  log^h  for  h above  30  feet. 
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4.4  Statistical  Path  Profile  delated  Prediction  Method  ( 

4.4.1.  Introduction 

This  prediction  method  was  based  on  a statistical  analysis  of  the  measured  median  propagation  losses 
and  the  associated  path  profiles.  The  analysis  initially  involved  the  establishment  of  a file  of  the  path 
profile  for  each  of  the  trials  paths,  from  which  a number  of  factors  relsted  to  the  prediction  of  propaga- 
tion loas  were  evaluated.  The  mathematical  technique  of  ridge  regression  was  employed  to  determine  the 
most  suitable  subset  of  these  factors  and  multiple  linear  regression  was  used  to  give  the  coefficients. 

The  equation  for  propagation  loas  was  set  to  the  following  form:- 

Path  Loss  * constant  ♦ a,  x,  ♦ a.  *,  ♦ a » , 

11  i i n n 

where  the  x.  are  the  factors  related  to  the  path  profile  and  the  a,  are  the  coefficients.  The  factors 
(x^)  need  not  be  linear,  for  example,  log  range  was  used. 

The  advantage  of  using  this  spproach  is  that  a lower  standard  deviation  of  prediction  error  can  be 
obtained  compared  to  the  semi- theoretical  approach  above. 

4.4.2.  Factors  Selected 

The  significant  factors  selected  using  ridge  regression  were  ss  follows 

1.  Log  (R)  i This  is  Log  of  the  horisontal  range  in  km  between  the  transmitter  and  the  receiver 

location, 

2.  Log  (F)  : This  is  Log^  of  the  frequency  in  awgaherta. 

3.  Diffraction  Loas  ) The  values  in  dB  are  calculated  using  the 

4.  Raf lection  Loss  ) approach  given  in  Section  4.1. 

5.  Obstacle  Width.  This  la  the  distance  between  the  transmitter  and  receiver  horisons  in  km. 

6.  PR/m  This  is  the  ratio  of  the  distance  of  the  obstacle  nearest  the  receiver  to  the  total 

path  length. 

7.  Height  PR-HN  This  is  the  height  of  the  obstacle  nearest  the  receiver  (or  the  transmitter  for 

line  of  sight  paths)  less  the  receiver  height,  in  metres. 

8.  Height  Trees.  This  factor  is  the  average  height  of  the  trees  (in  metres)  at  th>  transmitter  site. 

9.  Number  TX  Trees.  This  factor  is  the  number  of  100  metre  segments  within  $00  metres  of  the 

transmitter  which  are  obstructed  by  trees. 

10.  Transmitter  Clearance  Angle.  This  is  the  angle  in  radians  between  the  direct  ray  from  the 

transmitter  to  first  obstacle  and  the  straight  line  fitted  to 
the  ground  in  front  of  the  transmitter  site. 

11.  Transmitter  Gradient  ) This  is  the  gradient  of  the  ray  ft  >tn  the  antenna  considered  to  the 

12.  Receiver  Gradient  ) nearest  obstacle  in  the  path  with  respect  to  the  horisontal. 

13.  Negative  Weighted  Receiver  Clearance.  This  is  produced  by  determining  the  ray  clearance  at  100 

metre  intervals  within  $00  metres  of  the  receiver,  and 
multiplying  by  a weighting  factor  which  is  1 at  the  point 
nearest  the  receiver  and  b at  the  point  furthest  fries  the 
receiver. 

4.4.3.  Data  Spreads 

The  data  spreads  of  the  above  coefficients  with  respect  to  the  trials  results  were  as  follows. 

PATH  TYPE 


FACTOR 

LINE 

OF  SIGHT 

SINGLE 

OBS . 

MULTIPLE  OBS. 

MEAN 

STD. DEV. 

MEAN 

STD . DEV . 

MEAN 

STD. DRV. 

1. 

LOG  (R) 

1.2 

0.34 

l.l 

0.27 

1.2 

0. 16 

2. 

LOG  (F) 

1.9 

0.16 

1.8 

0.17 

1.8 

0.17 

3. 

DIFFRACTION  LOSS 

- 

- 

13.1 

4.2 

23.8 

5.7 

4. 

REFLECTION  LOSS 

16.3 

6.7 

12.4 

S.6 

11.8 

5.4 

5. 

OBSTACLE  WIDTH 

- 

- 

0.080 

0.087 

7.4 

5.6 

6. 

PR/MN 

- 

- 

0.70 

0.29 

0.87 

0.1$ 

7. 

HEIGHT  PR-KN 

271 

122 

144 

106 

101 

81 

8. 

HEIGHT  TREES 

11. 0 

6.7 

12.8 

7.5 

13.8 

8.6 

i 


17-6 


i 

I 


FACTOR 

LINE 

OF  SIGHT 

SINGLE  OBS. 

MULTIPLE  OBS. 

MEAN 

STD. DEV. 

MEAN 

STD. DEV. 

MEAN 

STD. DEV 

9.  NUMBER  TX  TREES 

2.8 

2.0 

2.9 

2.3 

4.1 

2.1 

10.  TX  CLEARANCE  ANCLE 

0.068 

0.06 

0.074 

0.07 

0.033 

0.057 

11.  TX  GRADIENT 

-0.021 

0.016 

-0.006 

0.016 

-0.0007 

0.01 

12.  RX  GRADIENT 

0.021 

0.016 

0.034 

0.041 

0.066 

0.038 

13.  -VT  RX  CLEARANCE 

189 

186 

216 

203 

186 

186 

MEASURED  PATH  LOSS,  dB 

118.9 

12.9 

130.8 

12.8 

143.5 

10.4 

4.4.4.  Prediction  Equation 

The  coefficients  of  the  regression  equstion  ere  given  below.  As  with  the  seai-theoreticsl  approach, 
the  regression  equstion  wss  designed  for  use  in  conjunction  with  the  terrain  date  base  and  the  Egli  height 
gain  factor  may  be  used. 


COEFFICIENTS  OF  THE  REGRESSION  EQUATION 


PATH  TYPE 

FACTOR 

LINE  OF  SIGHT 

SINGLE  OBS. 

MULTIPLE  OBS 

CONSTANT 

78.9 

42.7 

58.8 

LOG  (R) 

20.6 

26.6 

27.5 

LOG  (F) 

6.9 

16.2 

9.7 

DIFFRACTION  LOSS 

0.0 

0.0 

0.54 

REFLECTION  LOSS 

0.27 

0.22 

0.14 

OBSTACLE  WIDTH 

0.0 

3.1 

-0.07 

PR/MN 

0.0 

14.8 

23.1 

HEIGHT  PR-MN 

0.0017 

0.043 

0.032 

HEIGHT  TRESS 

0.26 

0.46 

0.53 

NUMBER  TX  TREES 

0.77 

1.05 

-0.67 

TX  CLEARANCE  ANGLE 

-28.1 

-25.1 

-71.6 

TX  GRADIENT 

76.1 

39.3 

274.6 

RX  GRADIENT 

0.0 

45.2 

0.38 

-WT  RX  CLEARANCE 

-0.017 

-0.013 

-0.008 

STANDARD  DEVIATION  OF 

6.8 

7 7 

7 O 

PREDICTION  ERROR,  dB 

/ »U 

MULTIPLE  CORRELATION 
COEFFICIENT 

0.85 

0.80 

0.74 

NUMBER  OF  OBSERVATIONS 

707 

1017 

599 

OVERALL  STANDARD  DEVIATION  OF  PREDICTION  ERROR  : 7.3  dB. 


4.3  Prediction  of  Small  Sector  Signal  Variations 

4.5.1.  Introduction 

This  relates  to  the  variation  of  the  received  signAl  strength  when  the  receiving  terminal  it  moved 
over  a relatively  short  distance.  The  main  cause  of  such  variations  is  usually  attributed  to  local  clutter 
to  the  receiver,  such  as  trees  and  buildings.  Under  severely  cluttered  conditions,  for  example  an  urban 
environment,  the  signal  distribution  would  be  expected  to  approximate  to  Rayleigh. 

4.3.2.  Analysis  of  Measured  Data 

The  trials  measurements  provided  data  on  the  signal  level  variations  over  a 100  m range.  The  standard 
deviation  of  the  signal  distributions  about  the  median  and  the  upper  and  lower  decile  points  were  calcu- 
lated for  each  measurement.  The  results  shoved  that  generally  the  upper  and  lower  decile  points  were  not 
symmetric  about  the  median.  It  was  found  that  a reasonable  fit  could  be  obtained  to  the  trials  data  using 
two  log  normal  distributions.  Each  of  these  distributions  would  have  a tero  mean  and  a standard  deviation 
such  as  to  fit  either  the  upper  or  lower  decile  of  the  skewed  distribution  as  appropriate. 

In  the  first  stage  of  the  analysis  of  the  results,  the  population  was  split  into  line  of  sight,  single 
obstruction  and  multiple  obstruction  paths,  with  the  following  result. 


17-7 


I' 


i 


PATH  TYPE  UPPER  DECILE  LOWER  DECILE 

Lina  of  Sight  2.8  dB  2.7  dB 
1 obstruction  3.4  dB  3.3  dB 
multiple  obstruction*  3.6  dB  3.5  dB 


This  showed  that  diffraction  along  the  path  contributed  to  location  variability.  The  data  were 
further  analysed  with  respect  to  a number  of  path  profile  features. 

The  regression  analysis  performed  indicated  high  correlation  with  the  following  parameters. 

. Frequency 

Number  of  obstacles  on  a path 

. Receiver  clutter,  i.a.  the  data  bate  definition  of  trees /buildings  close  to  an  antenna. 

Although  receiver  clutter  was  highly  correlated  for  line  of  sight  links,  it  was  virtually  uncorrelated 
for  obstructed  path*  and  thia  feature  was  not  incorporated  into  the  prediction  model  since  the  upper  and 
lower  deciles  were  relatively  small  for  line  of  sight  paths.  It  should  be  noted  that  this  result  was 
obtained  from  the  data  set  of  receiver  locations  measured  and  had  these  included  a large  proportion  of 
urban  situations,  the  small  sector  signal  distribution  would  have  been  significant. 

4.5.3.  Prediction  Model 

The  prediction  model  produced  for  the  upper  and  lower  deciles  of  the  saiall  sector  eignal  distribution 
was  as  follows  (log  normal  distributions  were  assumed). 


1 


(a)  Upper  Decile  (i.e.  higher  propagation  loss) 


PATH  TYPE 


FREQUENCY 

(MHz) 

Line  of  Sight 

1 Obstacle 

Multiple  Obstacles 

41.9 

2.5  dB 

3.0  dB 

2.9  dB 

74.5 

3.0  dB 

3.5  dB 

3.8  dB 

107.5 

3.0  dB 

3.7  dB 

4.3  dB 

' Decile  (i.e. 

lower  propagation  loss) 

PATH  TYPE 

FREQUENCY 

(MHz) 

Line  of  Sight 

1 Obstacle 

Multiple  Obstacles 

41.9 

2.3 

2.8 

2.8 

74.5 

2.9 

3.5 

3.5 

107.5 

2.9 

3.7 

4.1 

Since  log  normal  distributions  were  assumed,  the  deciles  are  equivalent  to  1.3  x (standard  deviation). 
Therefore,  the  corresponding  standard  deviations  ranged  from  1.8  to  3.3  dB  and  the  average  standard 
deviation  was  2.5  dB. 

These  results  apply  to  the  low  (2.7  m)  vehicular  receiver  only. 

The  small  sector  prediction  model  performs  two  functions.  First,  it  allows  the  selection  of  a 
representative  additional  loss  or  gain  value  to  account  for  the  uncertainty  in  the  location  of  a halted 
vehicle.  Secondly,  the  statistical  description  of  the  small  sector  signal  variations  allows  a prediction 
of  the  type  of  fading  that  would  be  experienced  by  a moving  terminal. 

5.  CONCLUSIONS 


The  analysis  of  propagation  trials  in  Germany  in  conjunction  with  a computerised  terrain  data  base 
indicated  the  following. 

1.  The  median  propagation  losses  were  similar  to  those  reported  by  Egli,  although  the  spreads 
were  greater  because  of  the  shorter  sampling  distance. 

2.  A purely  theoretical  approach  was  found  to  be  inadequate  for  the  path  profile  analysis  of  the 
data  and  empirical  methods  were  employed.  Of  the  two  prediction  equations  developed,  the 
statistical  path  profile  related  method  was  more  accurate  than  the  semi-theoretical  approach 
when  applied  to  the  measured  data.  Standard  deviations  of  prediction  error  of  6.8  dB  (line  of 
sight  paths),  7.7  dB  (one  obstacle  paths)  and  7.0  dB  (multiple  obstructions)  were  obtained  for 
th*  statistical  method. 


3.  The  small  sector  signal  variations  wera  dependent  most  on  the  operating  frequency  and  number  of 
obstacles  on  a path,  for  the  receiver  sites  taeasured.  The  distribution  of  signal  levels  was 


•lightly  skew  with  respect  to  a simple  log  normal  fit  and  the  average  standard  deviation  for 
tha  distribution  was  2.5  dB. 
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MULTIPATH  CHARACTERISTICS  AT  UHP  IN  RURAL  IRREGULAR  TERRAIN 
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SUlttARY 

Quite  extensive  measurements  have  been  carried  out  in  order  to  get  a better  knowledge  concerning 
multipath  characteristics  in  rural  irregular  terrain.  These  measurements  have  then  been  used  in  a com- 
parison with  two  different  theoretical  models,  which  have  been  developed  to  more  generally  find  out  the 
behaviour  of  multipath  propagation  in  different  kinds  of  terrain.  The  aim  of  our  investigation  is  also 
to  present  a kind  of  risk  model  for  future  digital  UHF  radio  link  systems. 

In  a deterministic  theoretical  model,  the  field  strength  of  a delayed  wave  component  is  calcula- 
ted assuming  a given  vertical  reflection  obstacle  oriented  for  optimum  reflection.  From  this  model,  the 
effects  on  multipath  propagation  by  changing  polarization,  frequency  or  antenna  height,  may  be  assessed. 

By  means  of  a Monte  Carlo  technique  this  deterministic  model  together  with  a statistical  description  of 
terrain  characteristics  have  been  utilized  to  create  a stochastic  model.  It  has  been  used  for  risk  ana- 
lysis of  multipath  propagation  effects  in  different  kinds  of  irregular  terrain. 

A measuring  equipment  has  been  developed,  allowing  a direct  analysis  of  multipath 
propagation  effects  in  irregular  terrain.  Measurements  have  been  obtained  from  different  rural 
paths  at  UU5  as  well  as  900  MHz  using  vertical  and  horizontal  polarization  with  two  different 
antenna  heights. 

After  a brief  introduction  the  deterministic  as  well  as  the  stochastic  propagation  model  will  be 
presented.  Observed  delay  profiles  from  some  different  paths  may  exemplify  the  experimental  results.  A 
preliminary  statistical  analysis  of  multipath  characteristics  in  rural  irregular  terrain  will  be  given. 
These  experimental  results  are  then  compared  with  corresponding  theoretical  results  showing  a compara- 
tively good  agreement. 

1 . INTRODUCTION 

Have  reflections  from  obstacles  in  rural  irregular  terrain  may  possibly  limit  the  maximum  usable 
bit  rate  in  digital  radio  ccasunication  systems'.  Most  investigations  so  far  have  been  dealing  with  urban 
paths  and  particularly  from  very  large  U.S.  cities  (Turin  et  el. , 1972,  Cox,  1972).  In  this  paper  we  will 
only  deal  with  rural  irregular  terrain  with  hills,  mountains  and  valleys,  sometimes  covered  with  vegeta- 
tion, but  with  no  or  unimportant  housing.  The  present  investigation  has  been  limited  to  the  UHF  region, 
and  to  UU5  and  900  MHz  in  particular,  where  bit  rates  of  the  order  of  1 Mbit/s  are  of  practical  interest 
for  radio  links. 

In  the  UHF  band  there  are  of  course  many  different  phenomena  which  yield  wave  components  with  dif- 
ferent time  delays.  If  these  multipath  components  are  strong  enough  and  the  time  delays  relative  to  the 
wanted  wave  are  of  the  order  of  one  data  element  or  more,  there  is  a risk  for  severe  disturbance  on  that 
path.  The  most  significant  phenomenon  seems  to  be  wave  reflection  from  near  vertical  terrain  obstacles 
such  as  large  blocks  of  stones,  mountain  sides,  etc.  Other  phenomena,  more  or  less  insignificant,  are 
wave  diffraction  around  large  terrain  obstacles,  wave  scattering  form  small-seeded  obstacles  in  the  rural 
terrain,  and  wave  reflection  from  aircraft,  tropospheric  layers  and  possibly  ionospheric  layers  comprising 
auroras  and  meteor  trails.  In  this  paper  we  will  only  Create  the  main  disturbing  phenomenon  which  thus  is 
terrain  reflection. 

\ 
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Multipath  characteristics  can  be  given  in  at  least  two  ways.  Either  as  a deterministic  description 
of  wave  amplitude  vs.  time  delay  corresponding  to  a given  set  of  obstacles  in  the  surrounding  terrain, 
or  as  a statistical  description  giving  the  probability  that  multipath  components  of  a given  strength  and 
time  delay  will  occur  on  a random  path. 
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A deterministic  description  of  reflection  from  obstacles  in  irregular  terrain  requires  some 
assumptions  and  simplifications  (Ladell,  1976  and  1977  a).  Let  us  consequently  assume: 

1.  The  obstacle  is  surrounded  by  a smooth  flat  earth. 

2.  Only  one  reflecticn  obstacle  at  a given  position  is  taken  into  account. 


3.  The  reflection  obstacle  is  replaced  by  a vertical  rectangular  rough  flat  surface  with 
height  A and  vidth  B.  The  center  of  the  surface  is  situated  at  a height  H above  ground. 

U.  The  obstacle  surface,  which  has  a relative  dielectric  constant  cr>  is  oriented  for  optimal 
reflection  (specular  reflection).  It  has  a roughness  parameter  Ah  ( 10  t to  90  % level). 

5.  Geometrical  optics  may  be  applied. 


The  main  calculation  parameters  and  the  geometry  can  be  seen  in  figure  1 . Wave  components  reflec- 
ted from  obstacles  situated  on  the  same  ellipse  with  transmitter  tT)  and  receiver  (R)  in  foci  have  the 
same  time  delay  relative  to  the  direct  path  transmitter  to  receiver.  This  will  be  denoted  the  relative 
time  delay  At  in  the  following.  With  a bit  rate  of  the  order  of  1 Mbit/s,  we  are  interested  in  time 
delays  from  around  1 ps  and  more. 


Transmitter  as  well  as  receiver  are  assumed  to  be  equipped  with  arbitrary  directional  antennas 
directed  against  each  other.  The  obstacle  (0)  is  seen  under  an  angle  g from  the  transmitter  (R-T-0) 
and  ♦jj  from  the  receiver  (T-R-0)  giving  corresponding  antenna  pattern  factors  g^fg^,)  and  gg(tR).  Easy 
geometrical  calculations  together  with  our  assumption  No,  It  give  the  gracing  angle  gt  at  the  reflection 
surface.  Let  us  assume  that  the  obstacle  reflection  can  be  described  by  the  usual  Fresnel  reflection 
coefficient  R0  with  a correction  factor  p taking  the  surface  roughness  into  account. 

One  of  the  moat  important  parameters  regarding  multipath  propagation  is  the  signal  strength  of 
the  delayed  component  measured  relative  to  the  wanted  direct  wave.  Let  us  consequently  define  the  re- 
lative field  strength  AE  as  this  ratio.  The  purpose  with  this  deterministic  model  is  to  calculate  the 
relative  field  strength  for  a given  set  of  parameters,  as  given  in  figure  1 , as  a function  of  obstacle 
position.  This  position,  given  by  two  co-ordinates,  is  also  equivalent  to  a specific  time  delay. 


To  calculate  the  propagation  factor  FTOR  on  the  path  T-O-R,  see  figure  1 , it  is  suitable  to 
mirror  the  transmitter  T in  the  surface  0 to  its  image  T’ . The  new  path  T'-O-R  then  lieB  in  a plane 
and  is  easier  to  handle.  In  this  configuration  transmitter  T'  illuminates  receiver  R through  an 
aperture  0 with  height  A and  width  Bsinp  reducing  the  field  by  the  factor  p . R^ . The  propa- 
gation factor  F^,or  is  now  evaluated  by  means  of  a four-ray-approximation.  Ground  reflection  has 
been  comprised  as  well  as  diffraction  through  the  reduced  aperture.  Pi f fraction  loss  is  calculated 
using  the  well-known  Fresnel  and  Kirchhoff  theory. 

The  relative  field  strength  can  be  written 
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where  the  propagation  factor  F^,R  on  the  direct  path  T-R  in  most  cases  can  be  approximated  by 
(cf.  assumptions  Nos.  1 and  5). 
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where  ns  usual  \ denotes  the  wave-length. 


By  means  of  the  four-ray-approaimation  the  delayed  wave  component  can  be  written 
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where  the  symbol  F (without  index)  is  the  Fresnel  integral 


F(x)  • / exp  (j  ^r'Jdv 


Furthermore  we  have 
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The  roughness  correction  factor  may  in  the  most  simple  case  be  written 


• exp[-  8v’(^fia*)^ 


This  factor  seems  to  reduce  the  wave  component  too  much  for  large  values  on  the  parameter  ah*sin*/X 
which  in  some  cases  may  require  a modification. 

The  four  different  rays  which  determine  the  delayed  field  component  can  be  described  by  means 
of  the  following  factors 

F,  2 • F|w(H  - *,t2  * A/8)l  - ftw(H  " 2 - */2)]  (8) 


F,(U  - F[w(H  ♦ k2>,  ♦ A/2)]  - F[v(H  ♦ k2>,  - A/2)] 

where 

rThR  * rRhT 

Most  geometrical  parameters  are  explained  in  figure  1 . 


•It  has  been  shown  (Ladell,  1976)  that,  in  practice,  the  limitations  caused  by  the  assumptions 
do  not  affe  • the  relative  field  strength  very  much.  The  model  has  been  general i ted  to  a smooth  spherical 
earth  as  well  as  comprising  the  surface  wave  (cf.  assumptions  Nos.  1 and  5). 

This  deterministic  model  is  based  on  very  simple  theoretical  considerations.  Nevertheless, 
it  has  much  to  tell  about  the  influence  on  digital  systems  when  changing  the  frequency,  polarisation, 
antenna  heights,  etc.  (Ladell,  1976  and  1977  b). 

The  deterministic  model  does  not  give  any  information  at  all  regarding  the  risk  level  when 
multipath  propagation  effects  limits  the  bit  rate.  That  is  the  reason  why  it  is  essential  to  have 
a pure  stochastic  model  based  on  wave  propagation  theory  and  a suitable  terrain  description.  This 
stochastic  model,  which  is  presented  below,  is  based  on  simulation  technique  including  the  complete 
deterministic  model  (Ladell,  1977  a). 

The  terrain  description  given  below  is  an  attempt,  and  may  be  adjusted  in  the  future  by  means 

of  experimental  experiences.  The  terrain  region  is  primarily  characterised  by  the  obstacle  density, 
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which  is  the  number  of  reflection  surfaces  per  km‘  exceeding  a certain  level  (for  instance  1 m ). 

The  obstacle  co-ordinates  are  assumed  to  be  uniformly  distributed  within  the  actual  terrain  region. 


In  the  deterministic  model  mil  surface*  were  assumed  to  he  oriented  for  specular  reflection  but 
in  the  stochastic  model  the  angle  of  orientation,  which  is  the  direction  of  a normal  vector  relative 
to  north,  is  assumed  to  be  uniformly  distributed  between  0 and  2s  radians.  The  reflection  condition 
is  now  altered  from  a fix  orientation  to  a certain  interval  depending  on  the  nominal  grating  angle. 
This  is  due  to  the  real  wave  structure  instead  of  ray  optics. 


The  site  of  the  obstacle  surface  was  given  by  A and  B in  the  previous.  We  have  tried  to 
estimate  the  cumulative  distributions  for  these  parameters  in  some  "typical"  terrain  region.  Numerically 
we  have  put  a median  value  of  5 and  10  m for  A and  B,  respectively,  with  an  upper  limit  of 
100  m for  both.  Also  the  height  H from  ground  to  the  center  of  the  surface  is  given  a stochastic  des- 
cription with  a median  value  such  that  the  lower  boundary  of  the  surface  is  at  ground  level  (lowest 
possible!)  The  height  of  this  lower  boundary  does  not  exceed  80  m in  the  assumed  terrain  model. 


The  roughness  parameter  Ah  is  assumed  to  be  uniformly  distributed  between  0 and  a specified  aaxi 
mum  value.  The  correction  to  the  reflection  coefficient  by  equation  (7)  is  intended  to  take  the  real 
surface  structure  into  account. 


Using  a suitable  random  number  generator  in  the  computer,  it  would  now  be  possible  to  calculate 
the  relative  field  strength  AE  vs.  relative  time  delay  At,  which  means  a calculated  delay  profile.  This 
is  done  by  means  of  the  deterministic  model.  However,  one  stochastic  parameter  remains  before  the  stoc- 
hastic model  is  complete.  It  is  the  field  strength  variability,  which  is  well-known  from  analogous 

technique.  The  cumulative  distributions  of  the  signals  F_-„  and  F__  in  equation  (1)  are  assumed  to  be 
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log-normal  (Ladell,  1977  a).  The  random  number  generator  then  gives  the  final  relative  field  strength 
in  the  different  cases. 


This  Monte  Carlo  technique  makes  it  possible  to  simulate  a large  number  of  multipath  propaga- 
tion "measurements"  by  computer.  Every  single  synthetical  measurement  creat  s its  own  needful  parameters 
by  means  of  the  random  number  generator  and  the  specified  cumulative  distributions. 


This  stochastic  model  is  based  on  a relative  large  number  of  terrain  parameters  which  are  poorly 
known.  They  may  be  adjusted  either  by  means  of  a better  knowledge  of  terrain  structure,  or  by  results  from 
measurements.  Ther  the  model  acts  ab  a cheap  instrument  for  testing  the  influence  on  different  system 
parameters . 


In  order  to  produce  a good  validity  for  the  models  it  is  necessary  to  perform  measurements  for  verifi 
cations  and  modifications.  This  is  done  with  a wideband  system  using  the  correlation  properties  of 
pseudorandom  shift  register  sequences  in  a manner  essentially  equivalent  to  channel  probing  with  a 
short  RF  pulse.  The  measuring  equipment  has  been  described  in  detail  by  others,  e.g.  for  multipath 
propagation  studies  in  urban  areas  (Cox,  1972). 


The  just  finished  measurements  have  been  obtained  on  52  different  paths.  Of  these  are  10  paths 
analysed  only  with  the  frequency  UU5  MHz  and  16  paths  with  Ul»5  as  well  as  Q00  MHz  at  the  same  sites. 
These  26  paths  are  all  rural  from  the  south-east  part  of  Sweden  where  the  terrain  may  be  characteri- 
xed  as  hilly.  Furthermore, 20  rural  paths  are  from  the  north  part  of  Sweden  with  hilly  of  moun- 
tainous terrain  analysed  with  UU5  as  well  as  900  MHz.  The  remaining  6 paths  are  from  Stockholm  City 
and  thus  typical  urban  paths  analysed  with  bUs  and  000  MHz.  In  this  paper  the  discussion  will  be 
restricted  only  to  the  16  paths  analysed  with  two  frequencies  from  the  south-east  area. 


Both  transmitter  and  receiver  are  mobile  and  equipped  with  a 17  element.  Yagi  antenna  at  the 
top  of  a mobile  telescopic  tower  which  can  be  elevated  between  10  and  20  m.  The  radiated  power  from 
the  transmitter  has  been  chosen  to  about  80  W.  On-line  processing  by  means  of  a computer  at  the 
receiver  nakes  it  possible  to  control  the  experiment  in  real  time.  The  16  paths  in  the  actual  study 
are  representing  distances  between  8.5  and  UT.1  km  with  a median  distance  of  19.5  km. 


Before  presenting  statistic*  from  the  whole  material  it  may  he  instructive  to  study  some  in- 
dividual delay  profiles,  which  are  defined  as  the  relative  field  strength  vs.  relative  time  delay. 

Figure  2 shown  the  measured  delay  profiles  obtained  on  a relatively  short  path,  only  ft,*.  km,  with 
the  two  frequencies  UU*>  and  <>00  MH».  and  for  different  antenna  polar i *at ion* , The  antenn"  heights 
were  just,  above  SO  m each.  In  all  four  different  propagation  cases  the  pulse  far  to  the  left  with 
a relative  field  strength  AF  • 0 dB  and  a relative  time  delay  At  • 0 us  indicating  the  direct  wave. 

It  has  been  propagated  along  the  shortest  path  between  transmitter  and  receiver.  Multipath  com- 
ponents are  observed  with  various  amplitudes  and  delays.  Components  which  are  bo  dB  less  than 
the  direct  wave  can  he  observed  with  relative  time  delays  less  than  0 us.  bet.  us  define  the  most' 
risky  multipath  component  as  the  one  which  has  the  greatest  amplitude  for  a relative  time  delay 
greater  than  1 us  (cf.  t Mbit/s).  From  figure  2 these  risky  components  have  the  following  ampli- 
tudes: -21  dB  at  bb*>  Mil*  using  vertical  polarisation  (hereafter  denoted  bb*>  VI’,  etc,),  -IS  dll  at  bb*.  111’ 

-2b  dB  at  900  VP,  and  -Ift  dB  at  900  IIP,  These  values  seem  satisfactory  and  the  risk  Cor  distur- 
bing multipath  propagation  is  negllable. 

The  next  example  of  the  measurements  is  illustrated  in  rigure  I with  four  propagation  cases 
equivalent  to  the  previous  example. The  transmission  loss  on  this  19. *>  km  path  is  rather  large  and 
this  has  somewhat  reduced  the  possibility  to  observe  very  small  multipath  components , This  new  observation 
limit  is  in  this  case  -211  dB  at  bb*,  MU*  and  -20  dB  at  900  Mil*.  The  risky  components  in  figure  3 linve  the 
following  amplitude*:  -12  dll  at  bb*,  VP,  -22  dB  at  bb’i  HP,  -7  dll  at.  900  VP,  and  less  than  -20  dB  at  900  HP. 
Pigital  transmissions  using  vertical  polari  sat.ion  at  both  bb*.  and  900  Mil*  will  consequently  be  more 
or  less  severe  affected  by  multipath  propagation  on  this  path.  By  using  only  hori r.ontal  polari tation 
the  risk  for  multipath  disturbances  is  negliable. 

Both  example*  studied  so  far  are  not  typical  for  the  whole  measurements.  In  fact  they  are  the 
two  worst,  examples  out  of  the  16  in  the  present  study,  Figure  b show*  some  more  typical  results  taken 
on  a 17.0  km  path.  Thin  time  the  multipath  components  are  very  small  and  may  not.  affect  a digital 
transmission  system  at,  all.  The  risky  components  are  in  this  ease:  -16  dB  at.  bbh  VP,  -19  dB  at  bb*.  HP, 

-II  dB  at  900  VP,  and  less  than  -bo  dB  at  900  Mils  using  horisontal  polarisation. 

The  measurements  were  performed  with  t.wo  different  combinations  of  antenna  heights.  Besides  an 
antenna  height  of  20  m,  which  is  the  actual  value  in  this  study,  also  10  m wan  analysed.  At  this  early 
stage  in  the  analysis  it  may  be  noted  that  10  m antenna  heights  cause  considerably  stronger  multipath 
components  than  20  m,  This  observation  and  the  fact,  that  vertical  antenna  polarisation  in  more  risky 
than  horisontal,  illustrated  by  the  figures  2,  1 and  b,  confirm  results  obtained  from  the  deterministic 
model  (badell,  1976  and  1977  b). 

b.  COMP  AH  I BOH  HFTWFKN  M0PKU!  AN1>  MKAiHIHKMFN'I’O 

It  is  possible  to  collect  the  results  from  the  measurements  indifferent  ways.  In  the  present 
study  it  is  made  hy  presenting  the  probability  contour*  p(>  AF,  » At).  That  means  the  probability 
for  multipath  components  with  a relative  field  strength  exceeding  a fixed  level  AF  and  with  a relative 
time  delay  exceeding  another  fixed  level  At, 

Figure  *>  show*  a comparison  between  the  measurements  and  result*  from  the  stochastic  model  for 
the  case  with  bb*.  Mil*,  vertical  antenna  polarisation  and  using  directional  antennas  situated  20  m 
above  ground.  A probability  of  1/16,  for  instance,  means  that  in  one  case  out  of  the  16  the  values 
on  Al<  and  At,  given  by  the  solid  line,  was  exceeded.  A statistical  result  based  on  only  16  individual 
measurements  is  very  weak,  indeed,  but  nevertheless  since  experimental  activity  of  this  kind  is  very 
expensive  it  ha*  bssn  necessary  to  accept  this  limitation.  May  be  these  path*  are  represent  at.  iv<  for 
the  whole  terrain  region.  The  most,  uncertain  statistic*  are  the  low  probability  values,  e.g,  1/16  and 
2/16.  Keeping  this  weak  statistical  base  in  mind  figure  *>  give*  a probability  for  disturbing  multipath 
propagation  of  the  order  of  6 I (•  1/16)  if  the  transmission  system  can  accept  AK  < -10  dB  for  Ai  » 1 us. 
This  probability  value  nay  also  be  denoted  a*  the  actual  risk  level. 
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In  figure  S the  results  obtained  from  the  stochastic  model  has  also  been  given  by  dashed  lines. 

Only  one  single  set  of  terrain  parameters  has  been  tried  so  far  why  a better  agreement  may  hr  possible. 

In  the  ill1  ilations  it  was  assumed  that  the  obstacle  density  was  50  surfaces  per  Km  , where  each  surface 
had  a maximum  surface  roughness  of  Ah  » 0.?  m.  That  means  on  the  average  one  surface  on  each  square  with 
a side  equals  ll*l  m and  where  the  surface  is  rough  with  a deviation  fron  the  mean  of  about  t 0.1  m or  less. 
Furthermore , each  individual  calculation  is  repeated  500  times  which  means  that  500  different  measurements 
are  simulated  compared  with  the  actual  16  in  this  study. 

In  spite  of  the  large  numbri  of  terrain  parameters  which  are  poorly  known  it  seems  to  be  quite 
a good  correspondence  between  the  results  from  the  stochastic  model  and  the  actual  measurements.  The 
risk  level,  defined  earlier,  may  be  extrapolated  to  about  .'  f for  Ihis  propagation  case  given  by  the 
model , 


The  next  case  under  consideration  is  UUs  MHt,  horizontal  polarization,  and  using  directional 
antennas  at  a height  of  30  m.  In  comparison  with  the  previous  case  the  antenna  | ari  nation  lias  be<u 
changed.  Figurtf  h showa  the  result  from  the  measurements  and  model.  This  time  it  seems  to  he  s discrepancy 
between  the  two  sets  of  curves  especially  for  low  probabilities.  This  may  be  explained  primarily  as  a 
result  of  the  weak  statistically  base.  One  single  path  with  strong  multipath  components  are  probably 
not  repreaentat ive  for  the  whole  terrain  region,  The  probability  contours,  except  p * l/lh,  seem  to 
coincide  quite  well.  From  the  figure  it  is  possible  to  obtain  a value  on  the  risk  level.  The  experimental 
results  dive  a rather  overestimated  value  of  about  6 t why  'he  stochastic  model  gives  value  of  only 
about  0.5  % . 


Changing  the  frequency  from  Uh S to  900  Ml z would  produce  a 1 2,2  dP  increase  for  the  multipath 
components  sssuming  they  were  smooth  (Ladell,  197*  and  1977  bl,  For  rough  surfaces,  as  assumed  in  this 
paper,  this  strong  increase  will  be  reduced  and  even  changed  to  a decrease  depending  on  the  roughness 

parameter  and  the  grazing  angle.  Figure  7 showa  the  statistics  from  the  measurements  at  900  MHz  using 

vertical  polarization  together  with  the  results  from  the  simulation.  Only  results  from  15  paths  are  used 
at  900  MHz  because  too  large  transmi i.sion  loss  eliminated  one  path,  A comparison  between  the  two 
frequency  cases  using  vertical  polarization,  figures  5 and  7,  shows  a very  close  correspondence, 
which  may  surprise, 

The  contours  at  900  MHt  are  steeper  than  those  at  1*1*5  MHz  which  means  that  the  probability  to 
find  multipath  components  with  a given  strength  with  large  relative  time  delays  are  less  at  900  than  at. 

1*1*5  MHt,  The  simulation  does  not  show  this  steep  tendency.  From  figure  7 the  risk  level  may  be  obtained, 

resulting  in  about  10  i for  the  experimental  results  nnd  3 t approximately  for  the  stochastic  model. 
Thus,  on  the  average,  a doubling  ip  frequency  from  1*1*5  to  900  MHz  does  not  result  in  any  remarkable 
change  in  probability  levels  in  this  kind  of  terrain. 

The  last  example  ehowing  probability  contours  is  figure  8 for  a frequency  of  900  MHz,  horizontal 
antenna  polarization  and  an  antenna  height  of  30  m using  17  element  Yagi  antennas  directed  against 
each  other,  in  the  previoue  case  the  curves  at  900  MHt  are  steeper  than  those  at  UliS  MHz  and 
poastbly  also  reduced  in  strength  somewhat.  From  figure  8 the  risk  level  is  obtained  to  about  5 t 
fr  m the  measurements  and  to  0.3  t approximately  from  the  stochastic  model.  This  deviation  may  also 
be  explained  by  a too  disturbed  path  which  is  not  representative  for  the  whole  region. 

The  measurements  from  the  south-east  part  of  Sweden  presented  here  were  performed  in  June  1977 
while  the  measurements  from  the  north  part  of  Sweden  were  performed  in  September  1977.  The  time  for  data 
reduction  has  thus  been  too  short  for  a store  complete  comparison  of  the  statistically  properties 
of  multipath  propagation  in  rural  irregular  terrain.  The  results  obtained  seem  to  confirm  the  validity 
of  the  presented  models  although  the  analysis  of  the  measurements  is  not  complete. 

With  the  BHSiuned  definition  of  a risk  criterion  it  is  observed  that  the  risk  level  for  UUs  as 
well  a»  ‘>00  MHz  at  vertical  antenna  polarization  using  directional  antennas  at  a height  of  20  m is 


. 
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of  the  order  of  3 I neglecting  the  influence  of  a single  strong  disturbed  path.  With  the  sane 
argument  the  risk  level  using  horizontal  antenna  polarization  is  only  of  the  order  of  0.5  t.  It 
■teems  to  be  no  preference  of  using  one  of  the  two  frequencies  before  the  other,  while  using  ho- 
rizontal antenna  polarization  is  much  less  risky  than  using  vertical,  regarding  the  influence  of 
multipath  propagation.  As  mentioned  before  it  is  also  less  risky  to  use  high  elevated  antennas 
than  low. 

One  observation  obtained  from  the  statistical  properties  of  multipath  characteristics  is 
that  the  probability  contours  from  measurements  are  more  steeper  than  those  from  the  stochastic 
model,  particularly  at  900  MHz. One  possible  explanation  of  this  discrepancy  may  be  that  wave 
propagation  on  the  three  paths  T-R,  T-0  and  0-R,  see  figure  1,  are  not  of  the  simple  flat  earth 
case.  The  signal  attenuation  on  the  two  distant  paths  T-R  and  T-0,  assuming  the  obstacle  0 is 
situated  in  the  neighbourhood  of  the  receiver  R,  are  generally  correlated  (Ladell,  1 97T  a).  There- 
fore the  multipath  signal  strength  is  most  sensitive  to  the  attenuation  on  the  short  path  0-R, 

The  shielding  effect  caused  by  the  irregular  terrain  will  consequently  reduce  the  relative  field 
strength.  Modifying  the  stochastic  model  with  such  increased  attenuation  on  the  short  path  0-R 
would  thus  result  in  steeper  contours,  more  at  900  MHz  and  less  at  UUs  MHz,  just  bb  observed  from 
measurements. 

5.  CONCLUDING  REMARKS 

Two  theoretical  models  have  been  developed  using  rather  simple  assumptions,  one  deter- 
ministic and  the  other  stochastic.  It  has  been  possible  to  analyse  the  influence  of  different 
system  parameters  on  multipath  propagation.  Preliminary  results  from  quite  extensive  measurements 
in  rural  irregular  terrain  seem  to  confirm  the  confidence  of  the  presented  models. 

Measurements  at  Ul»5  an  well  as  900  MHz  from  the  same  sites  have  been  analysed  path  by  path 
in  order  to  give  a deterministic  explanation  of  the  multipath  components  observed.  Furthermore, 
results  from  the  measurements  have  been  collected  in  a way  such  that  multipath  propagation  can 
be  described  statistically.  This  statistics  has  been  compared  with  results  from  the  stochastic 
model . 

It  is  obvious  from  the  deterministic  model  that  a higher  frequency  gives  stronger 
multipath  components  if  the  obstacle  surface  is  assumed  to  be  smooth.  So  is  seldom  the  case  in  real 
terrain.  Assuming  that  the  surface  is  rough  has  thus  shown  .such  better  agreement  with  measurements. 

In  reality  a higher  frequency  gives  stronger  or  weaker  multipath  components  depending  upon  the  surface 
roughness  parameter  and  the  grazing  angle.  It  seems  therefore  in  general  to  be  no  real  advantage  in 
choosing  one  of  the  frequencies  before  the  other  in  order  to  reduce  multipath  disturbances. 

Measurements  as  well  as  models  have  shown  that  a less  elevated  antenna  is  more  risky 
then  a more  elevated  and  that  using  vertical  antenna  polarization  is  more  risky  than  using 
horizontal,  regarding  the  presence  of  strong  multipath  components  causing  disturbances. 

One  system  parameter  we  have  not  discussed  so  tar  is  the  antenna  and  i fluence 
on  multipath  propagation.  As  seen  from  equation  (1)  it  is  obvious  that  the  antenna  pattern 
has  a discriminating  effect  on  multipath  components  provided  that  the  antennas  are  direc- 
tional and  directed  towards  each  other.  From  the  actual  measurements  it  is  known  that  an 
omnidirectional  antenna  produces  much  stronger  multipath  components.  In  order  to  reduce  multipath 
propagation  effects  it  is  consequently  necessary  to  choose  as  directional  antennas  as  possible. 

Using  17  element  Yagi  antennas  the  risk  probability  obtained  in  the  present  study  in  hilly 
terrain  is  of  the  order  of  3 I at  kli5  as  well  as  900  MHz  using  vertical  antenna  polarization  and  20  a 
antenna  heights.  Changing  the  antenna  polarization  to  horizontal  gives  approximately  only  0.5  t 
risk  probability.  That  means  6 and  1 severe  disturbed  paths  out  of  200,  respectively. 
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Probability  contour*  p(»AE,»At)  at  KHt  in  rural  irregular  terrain  using  vertical  polarised 
directional  antennas.  Solid  lines  are  measured  data  and  dashed  lines  calculated  data  by  simulation 


Fig.  6 Probability  contours  p(»AE,»At)  at  l»1*s  MHs  in  rural  irregular  terrain  using  horitontal  polarised 
directional  antennas.  Solid  lines  are  measured  data  and  dashed  lines  calculated  data  by  simulation 
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SUMMARY 

Xn  order  to  test  the  vulnerability  of  meteor-burst  aiqnals  to  Interception  and  jamming, a 1000  -kra 
circuit  between  La  Crau,  near  Toulon,  Prance,  and  Staalduinen  near  The  Hanue , Netherlands,  was  monitored 
at  five  different  locations.  These  were  Harrogate  in  the  UK,  Saclay  near  Paris,  Brelsach  near  Freiburq, 
Santa  Marinella  near  Rome,  and  Noordwljk,  some  35  km  from  the  terminal  at  Staalduinen. 

It  was  found  that  at  Noordwljk  the  same  sional  bursts  were  received  as  at  the  northern  terminal 
some  35  km  away,  and  interception  was  practically  total.  At  the  other  four  locations,  interception  was 
mainly  due  to  the  simultaneous  occurrence  of  two  meteor  trails  reflecting  waves  in  different  directions. 

The  amount  of  information  intercepted  was  on  the  average  between  3%  and  16%,  but  could  occasionally  be 
100%  due  to  sporadic-E  layer  reflections.  However,  the  experiments  used  a frequency  of  36  MHz ; by 
operating  at  70  MHz  or  higher  interception  due  to  abnormal  ionospheric  propagation  conditions  could  be 
virtually  eliminated. 

It  is  estimated  that  jamming  a meteor-burst  link  from  beyond  the  horizon  would  be  very  inefficient 
unless  considerable  power  were  used,  since  the  power  ratio  is  about  25  to  1 in  favour  of  the  link  at  40  MHz. 
At  higher  frequencies  the  advantage  for  the  link  would  be  much  greater. 

The  results  of  the  interception  tests  show  that  meteor-burst  systems  can  be  used  for  broadcasting 
provided  that  three  separate  antenna  systems  are  employed  to  cover  ranges  up  to  2000  km  and  to  repeat  the 
message  continuously  from  one  to  several  minutes  to  achieve  a high  probability  of  reception.  Frequency 
sharing  between  several  meteorburst  links  operating  in  the  same  area  also  appears  to  be  feasible  with 
frequencies  high  enough  to  eliminate  ionospheric  scatter  and  sporadic-E  layer  reflections. 

1.  INTRODUCTION 

Meteor  reflections  and  their  application  to  communication  have  been  Investigated  at  SHAPE 
Technical  Centre  (STC)  over  a period  of  several  years.  These  studies  led  to  the  development  of  a system 
named  COMET  [lj  (Communications  by  Meteor  Trails)  which  makes  use  of  a combination  of  space  and  frequency 
diversity  reception  and  the  technique  of  automatic  request  for  repetition  (ARQ) . This  system  has  the 
advantage  over  the  earlier  Janet-type  systems  (_2j  of  making  efficient  use  of  the  available  duty  cycle  while 
at  the  same  time  keeping  the  error  rate  under  control.  A block  diaqram  of  COMET  is  shown  in  Fig.l.  The 

system  was  tested  for  several  years  on  a 1000-km  path  between  the  Netherlands  and  Southern  France  at 
frequencies  in  the  40  and  100  MH2  bands.  Tran«mitting  and  receiving  antennas  were  five  element  Yaqi  arrays 
with  a free-space  qain  of  10  dB  relative  to  isotropic,  and  having  a beamwldth  in  the  horizontal  plane  of 
50°  botween  1-dB  points.  Instantaneous  transmission  speed  was  2000  bauds  end  frequency -shift  keying  (FSK) 
with  ♦ 3 kHz  deviation  was  used.  The  performance  obtainable  at  different  frequencies  is  shown  in  Fig.  2. 

The  relationships  found  between  the  duty  cycle,  P , the  wavelength,  X,  ami  the  transmitter  power,  P,  are 

D -v.  X4  (1) 

and  D ■v  P°'6  (2) 

It  is  to  be  noted  that  the  simple  theory,  ignoring  ceiling  effects  and  the  loss  of  efficiency 
vkie  to  short  bursts,  w^uld  predict  a frequency  dependence  of  the  form 

2.5 

D 'v*  X 

At  40  MHz,  and  with  a transmitter  power  of  200  watts,  the  COMET  system  maintained,  over  the  test 
circuit,  a 24-hour  averaqe  capacity  roughly  equivalent  to  three  50-baud  telegraph  channels  (duty  cycle  of 
7.5%)  and  an  error  rate  better  than  1 in  3000  for  90%  of  the  time.  High  reliability  communl cat ions  are 
therefore  possible  with  meteor-burst  systems.  This  feature,  coupled  with  the  simplicity  of  f ixed-f requenoy 
operation  at  frequencies  which  are  not  very  much  affected  by  ionospheric  disturbances,  makes  the  meteor- 
burst  system  potentially  suitable  for  military  applications. 

The  purpose  of  the  present  paper  is  to  report  on  a series  of  experiments  which  were  carried  out 
in  parallel  with  the  cammuni cat  ions  tests  conducted  on  the  circuit  itself  to  find  out  principally  the 
extent  to  which  the  transmission  is  immune  from  interception  and  interference.  "hese  are  features  of 
great  interest,  particularly  for  the  military.  Using  the  results  obtained  from  the  interception  tests  the 
paper  also  discusses  the  possibility  of  operating  several  meteor-burst  links  at  the  same  frequencies  in  the 
same  geographical  area  (frequency  sharinq) , and  the  suitability  of  meteor-burst  propagat ion  for  broadcast inq 
or  for  communicat ing  simultaneously  between  a central  station  and  a limited  mimher  of  peripheral  stations. 

2.  THEORETICAL  CONSIDERATIONS 
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The  need  to  investigate  the  various  aspects  of  meteor-burst  commun  i cat  ions  ment  ioned  in  the 
previous  sect  ion  arises  from  the  fact  that  meteor  trails  are  known  to  reflect  radio  signals  in  certain 


ptivileged  directions.  The  full  transmission  equations  for  underdense  (equation  (3))  and  overdense 
(equation  (4))  meteor  trails  are  given  below: 


VV  V- *io.2u 


exp  (—5 - ) exp(- 


lbs  l^R^d^+R^)  (1-cos  tfsln  4>)  X sec  4>  X sec  i> 
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-p — • ——— j — log  t— ) 

T ‘w  ryKr(  W ( l“COs‘  tfsin*  *)  sec‘4>  * (4dt*r02) 

where  ans  P^  are  the  received  and  transmitted  powers 

and  Gr  are  the  transmitting  and  receiving  antenna  gains 

R^,  and  are  the  distances  from  the  transmitter  and  the  receiver  to  the  target  point  on  the  trail 

X is  the  wavelength 

6 is  the  angle  between  the  trail  and  the  projection  of  the  transmission  plane  via  the  tangent  plane 
is  half  the  included  angle  between  R^,  and  R^ 

W is  the  angle  between  the  incident  vector  and  the  electric  vector  accepted  by  the  receiving  antenna 

r is  the  classical  radius  of  the  electron 

e 

q is  the  electron  line  density  in  the  trail 

rQ  is  the  initial  radius  of  the  trail 

d is  the  diffusion  constant  at  the  centre  of  the  principal  Fresnel  zone 

Signals  from  overdense  trails  last  much  longer  than  do  underdense  signals  and  have  very  different 
shapes.  Despite  this,  the  peak  heights  of  both  types  of  signal  vary  as  X and  in  both  cases  the  duration 
varies  as  X . 

Some  interesting  spatial  properties  of  meteor-burst  propagation  can  be  deduced  from  equations  (3) 
and  (4)  above  if  we  assume  the  meteors  to  be  randomly  distributed  with  respect  to  the  earth.  The 
attenuation  occurring  with  R^,  and  makes  the  neighbourhood  of  the  two  antennas  the  region  in  whic^  the 
largest  number  of  suitably-oriented  trails  will  be  found.  The  dependence  of  signal  duration  on  sec‘4<  is 
the  reason  why,  from  a communications  point  of  view,  the  centre  of  the  path  is  the  most  important  area. 
However,  because  ateteors  tangent  to  an  ellipsoid  at  the  path's  mid-point  must  be  travelling  parallel  to 
the  ground,  signals  from  this  region  are  relatively  rare.  Instead,  the  areas  that  contributed  most  to  the 
duty  cycle  of  a meteor-burst  link  are  two  large  regions  just  off  the  great  circle  path  on  either  side  of 
the  mid-point,  i.e.,  the  so-called  "hot  spots".  Figure  3,  taken  from  Ref  [l] , shows  the  relative 
cumulative  signal  durations  for  contributions  from  various  parts  of  the  meteor  region.  The  data  were 
computed  for  a 1000  km  transral t ter-recei ver  separation,  a meteor  trail  height  of  100  km,  and  an  isotropic 
distribution  of  incident  meteors.  In  practice  the  actual  distribution  will  differ  from  this,  with  the 
result  that  there  will  only  be  one  hot-spot  on  one  side  of  the  great  circle  path,  the  actual  location  and 
size  of  which  will  depend  on  the  geographical  location  and  orientation  of  the  circuit  (Ref  f4^ ) . 

As  can  be  seen  from  Fig  3,  the  most  effective  trails  are  to  be  expected  5 to  10°  off  the  great 
circle  path.  It  therefore  follows  that  two  stations  laterally  separated  from  each  other  by  more  than  about 
200  km  would,  in  general,  receive  signals  reflected  by  meteor  trails  found  in  different  regions  of  the 
space  between  the  stations.  It  must  also  be  expected  that  the  probability  of  the  two  stations  receiving 
the  same  signal  burst  would  decrease  more  slowly  along  the  axis  of  propagation  than  in  the  direction 
perpendicular  to  it  [5J  . 

Under  the  above  conditions  the  possibility  will  also  exist  for  the  signal  from  the  transmitter 
to  reach  the  two  receivers  simultaneously  by  reflection  from  two  trails  which  occur  at  the  same  time  in 
two  different  regions.  The  probability  cf  such  coincidences  which  makes  "interception"  possible  is  not 
directly  related  to  the  distance  separating  the  two  receivers  but  is  determined  mainly  by  the  positions 
of  the  receiving  stations  relative  to  the  transmitter. 

The  test  setup  used  in  the  interception  trials  described  below  was  arranged  to  verify  some  of  the 
theoretical  predictions  mentioned  above. 

3.  DESCRIPTION  OF  THE  TESTS 


Four  monitoring  stations,  the  locations  of  which  are  shown  in  Fig  4,  were  installed  in  different 
countries  in  Europe  as  follows: 

Saclay  near  Paris, 

Breisach  near  Freiburg,  Germany 
Forest  Moor  near  Harrogate,  UK 
SCa  Marinella  near  Rome,  Italy 
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A fifth  station  was  operated  in  Noordwijk,  the  Netherlands,  some  35  km  to  the  northeast  of 
Staalduinen,  the  northern  terminal  of  the  link.  The  monitoring  stations  were  all  tuned  to  receive 
the  signal  emitted  by  the  southern  terminal  of  the  link,  installed  at  La  Crau  near  Toulon,  France. 

The  equipment  was  essentially  the  same  In  all  five  stations.  The  antenna  was  a four-element 
Vagi  (see  photograph  in  Fig  5).  'Hie  lobe  was  directed  towards  the  ionosphere  (80-100  km  ueight)  so  as  to 
intersect  with  the  antenna  lobes  of  the  link  terminals  in  the  manner  depicted  in  Fig  4.  The  receiving 
equipment  consisted  of  a super-heterodyne  receiver  with  crystal-controlled  local  and  calibration 
oscillators.  A paper  recorder  was  used  for  continuous  monitoring  of  the  propagation  conditions,  and  a 
magnetic-tape  recorder  for  collecting  samples  of  the  signal  received,  for  subsequent  playback  and  analysis. 

Tests  were  conducted  for  a period  of  one  year  at  the  rate  of  one  week  in  every  other  month. 

The  data  collected  were  thus  statistically  representative  of  the  various  phases  of  an  annual  cycle,  which 
Included  the  winter  season,  characterized  by  a low  meteor  rate,  and  the  sunner  season,  during  which 
reflections  from  sporadic-E  layers  are  relatively  frequent.  During  each  test  period,  the  receivers  were 
calibrated  every  half  hour  by  injecting  a stadard  signal  which  varied  in  discrete  steps  over  the  range 
from  -173  to  -113  dBtf,  i.e.,  between  30  dB  below  and  30  dB  above  one  microvolt  from  a 50  -ohm  open  source. 
The  transmitter  at  La  Crau  was  switched  on  and  off  at  regular  intervals  so  as  to  be  on  the  air  fox  7S 
minutes  and  off  for  25  minutes.  The  tape  recorders  were  switched  on  at  intervals  of  3 hours  for  35  minutes, 
so  that  each  recording  included  three  signal  periods  of  75  minutes  and  two  calibration  scales,  one  at  the 
beginning  and  one  at  the  end.  The  operation  was  fully  automatic  and  followed  a programme  set  by  an 
electric  clock. 

The  power  level  and  the  modulation  characteristics  (FSK)  of  the  carrier  emitted  always  remain  the 
same  whether  the  link  was  closed  or  interrupted,  but  no  significant  amount  of  message  information  was 
actually  released  by  either  transmitter  unless  contact  was  established  in  both  directions  by  a suitable 
reflection.  Only  by  analysis  of  the  information  contained  in  the  modulation  could  it  be  ascertained  whether 
traffic  had  passed  over  the  circuit  at  any  particular  time.  To  facilitate  the  analysis  of  the  signal 
received  at  the  monitoring  stations,  the  La  Crau  transmi tter  emitted  a second  carrier  on  either  of  two 
frequencies  according  to  the  state  of  the  link,  closed  or  interrupted.  The  exact  values  of  the  frequencies 
of  the  two  carriers  were  as  follows: 


Main  carrier  "Nark"  36.584  MHz 

"Space"  36.590  MHz 

Auxiliary  carrier  "Circuit  closed"  36,5985  MHz 

"Circuit  interrupted"  36.5995  MHz 

3.2  The  Receiving  Equipment 

A block  diagram  of  the  receiving  equipment  is  shown  in  Fig  6.  The  "space"  component  of  the  main 
carrier  was  converted  down  to  13.5  KHz  in  the  receiver,  passed  through  a narrow-band  filter  to  eliminate 
the  modulation,  and  detected  to  obtain  a voltage  representing  the  envelope  of  the  signal  bursts.  This 
voltage  was  then  converted  into  a frequency -modulated  tone  for  recording  on  magnetic  tape.  At  the  same 
time  the  same  carrier  was  passed  through  a wider  filter  and  detected  to  recover  the  modulation. 

The  auxiliary  carrier  was  also  converted  down  to  the  audio  frequency  range.  It  was  then  applied 
at  the  input  of  two  filters  tuned  to  frequencies  of  4 and  5 kHz,  corresponding  to  the  conditions  "circuit 
closed"  and  "circuit  interrupted"  respectively. 

All  four  signals  were  recorded  on  magnetic  tapes  for  analysis  in  the  STC  laboratories, 

3.3  The  Analysis  Equipment 

The  analysis  equipment  was  shown  schemat ical ly  in  Fig  7.  The  voltage  derived  from  the  envelope 
of  the  main  carrier  was  first  restored  to  its  original  form  by  an  FM/DC  converter,  and  then  fed  into  a 

level  distribution  recorder.  This  included  a group  of  14  biased  gates  (numbered  1,  3 27)  which 

delivered  pulses  when  the  Instantaneous  value  of  the  voltage  applied  at  the  input  exceeded  a preset  value. 

The  output  of  each  gate  was  registered  by  a counter  (numbered  1,  3 27)  whose  total  represented  the 

portion  of  time  spent  by  the  signal  above  the  threshold  for  which  the  gate  was  set. 

The  voltage  derived  from  the  auxiliary  carrier  was  detected  either  by  a posi tive-polarity  or 
negat ive -polarity  detector,  depending  on  its  frequency  at  any  particular  time.  The  detected  voltage 
drove  a trigger  circuit  (bistable)  which  opened  gates  2 to  28  (even  numbers)  whenever  the  frequency  received 
corresponded  to  the  circuit  closed  condition.  The  output  of  each  of  gates  1 to  - . passed  through  one  of 
gates  2 to  28  and  was  registered  by  a counter  (even  numbers  2 to  28)  whose  reading  represented  the  portion 
of  time  during  which  the  Information  passed  over  the  circuit  was  intercepted  with  an  amplitude  exceeding 
the  preset  value. 

The  analysljequiproent  was  programmed  to  operate  in  synchronism  with  the  periods  of  signal  recorded 
on  tape.  The  data  collected  by  the  level  distribution  recorder  were  printed  out  at  the  end  of  each  75- 
mlnute  signal  period  to  give  the  amplitude  distributions  of  the  level  received  and, at  the  end  of  each  noise 
interrupt  ion, to  give  the  notsas  level.  Calibration  of  the  biased  gates  was  carried  out  by  playing  back  the 
calibration  scales  at  the  beginning  and  end  of  each  recording. 

4.  RESULTS 


4.1 


Propagation  Data 

The  statistical  distribution  of  the  signals  received  at  the  monitoring  stations  was  derived  from 
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the  t tals  recorded  by  counters  1 to  27  for  each  period  of  75  minutes.  As  explained  in  the  previous 
section,  the  counters  operated  on  the  signal  level,  regardless  of  the  information  content.  Their  data 
could  thus  be  used  to  compare  the  propagation  performance  over  the  different  paths  between  La  Crau  on  the 
one  hand,  and  Staalduinen  and  the  various  monitoring  on  the  other. 

From  each  statistical  distribution,  the  percentage  of  time  "P"  during  which  the  signal -to-noi se 
ratio  (:»NR)  exceeded  10  dB  was  determined.  The  threshold  of  10  dB  was  chosen  because  it  had  t>een  found 
experimentally  to  be  the  average  value  of  the  minimum  SNR  required  for  error-free  reception. 

A cumulative  distribution  of  the  values  of  P for  Staalduinen  and  the  monitoring  stations  is 
given  in  Fig  8 It  shows  how  the  propagation  conditions  differed  over  the  six  paths, the  best  being  the 
paths  to  StaalAiinen  and  Nooidvijk  and  the  worst  to  Sta  Marinella.  The  fact  that  the  poorest  reception  was 
observed  in  Italy  was  not  unexpected  since  the  Italian  station  is  very  unfavourably  situated  with  respect 
to  the  La  Crau  trananitter.  These  results  show,  however,  that  backward  propagation  by  meteor  reflections 
is  not  negligible,  since  the  value  of  P exceeded  5%  in  about  20%  of  periods.  The  relatively  good  reception 
conditions  observed  at  Forest  Moor,  which  was  900  km  away  from  the  circuit  midpoint  and  therefore  almost  ac 
the  extreme  distance  for  meteor-burst  propagation,  nay  be  predicted  from  equations  (3)  and  (4). 

In  order  to  compare  more  closely  the  propagation  conditions  over  the  different  paths,  the  values 
of  P for  the  five  monitoring  stations  were  normalized,  i.e.,  they  were  divided  by  the  value  of  P measured 
at  Staalduinen  over  the  same  period.  The  statistical  distributions  of  the  ratios  obtained  are  given  in 
Fig  9,  except  for  Noordwijk,  which  indicated  no  difference  compared  with  Staalduinen.  It  is  obvious  from 
this  figure  that  there  is  no  close  correlation  between  the  signals  received  at  the  various  locations.  If 
signal  bursts  had  come  from  the  same  trails  the  distribution  for  the  monitoring  stations  would  have  tended 
to  peak  around  values  of  P of  less  than  1.0.  At  Forest  Moor,  for  instance,  the  value  of  the  time  percentage 
was  on  the  average  0.7  times  the  value  measured  at  Staalduinen,  but  the  ratio  actually  varied  between  0.1 
and  1.5.  A similar  spread  of  the  data  is  seen  on  all  four  diagrams.  The  samples  at  the  tails  of  the 
distributions  correspond  to  periods  during  which  relatively  long  reflections  occurred  on  one  path  and  not. 
on  the  other. 

In  interpreting  these  results,  it  must  be  borne  in  mind  that  the  transmitting  antenna  was  pointed 
in  the  direction  of  Staalduinen  with  a 3 dB  horizontal  beamwidth  of  50°  , and  that  the  beam  elevation  was 
optimum  for  the  length  of  the  link,  namely  1000  km.  It  must  also  be  noted  that  the  antennas  used  at  the 
monitoring  stations  were  designed  and  orientated  for  maximum  overlap  with  the  common  volume  of  the 
correlation  link  rather  than  for  optimum  reception  of  the  La  Crau  signal.  Forest  Moor  was  within  the  beam 
of  the  transmitter  (see  Fig  4),  but  the  distance  from  L.a  Crau  was  400  km  longer  than  optimum.  Moreover, 
the  angle  of  interception,  i.e.,  the  angle  between  the  axis  of  the  transmitting  beam  and  that  of  the 
receiving  beam,  was  230.  Sac  lay  and  Breisach  were  al3o  within  the  transmitting  beam,  but  the  distances 
were  ?00  km  for  the  first  and  500  km  for  the  second,  and  the  angles  of  interception  were  34°  and  4"’° 
respectively.  In  the  case  of  Sta  Marinella,  which  is  470  km  from  La  Crau,  the  propagation  path  followed 
a broken  line,  the  total  length  of  which  was  of  the  order  of  1000  km, and  the  interception  angle  was  140°. 

From  these  results.  It  is  apparent  that  it  is  possible  to  communicate  by  meteor  bursts  between  a 
point  such  as  La  Crau  and  a number  of  others  as  far  apart  as  Breisach  and  Forest  Moor,  without  necessarily 
changing  the  transmitter  power  and  the  antenna  system.  it  is,  however,  certain  that  reception  conditions 
could  be  improved,  especially  at  the  shorter  distances,  if  the  antenna  patterns  were  designed  specifically 
for  this  purpose.  Reception  at  a point  such  as  Sta  Marinella  by  reflections  in  a backward  direction  appears 
possible  though  the  signals  received  would  probably  be  weak. 

4.2  Interception  Data 

Statistical  distributions  of  intercepted  signals  wete  derived  from  the  data  registered  by  counters 
2 to  28  of  the  level  distribution  recorder.  Here  again  the  time  percentage  MP"  corresponding  to  an  SNR  of 
10  dB  was  determined  for  each  period  of  75  minutes.  This  percentage  P,  which  represents  the  fraction  of 
time  during  which  traffic  passed  over  the  link  was  intercepted,  was  divided  by  the  duty  cycle  D of  the 
circuit  for  the  same  period.  The  ratio  I ■ Polled  the  interception  ratio,  represents  the  proportion  of 
intercepted  Information.  D 

Figure  10  depicts  the  distribution  of  the  values  of  T measured  at  Forest  Moor,  Saclay,  Breisach 
and  Sta  Marinella. 

It  can  be  seen  that  interception  was  more  frequent  where  reception  was  better, the  average  value 
of  the  interception  ratio,  being: 


Forest  Moor  * 0.16 

Saclay  t 0.08 

Breieach  * 0.06 

Sta  Marinella  : 0.03 

In  fact,  all  four  distributions  have  asymptotic  tails  reaching  I • 1.  Indeed,  on  a few  rare 
occasions,  cases  of  total  interception  were  observed  at  each  site  due  to  propagation  by  sporadic-E  layer 
reflection,  or  by  intense  ionospheric  scatter  lasting  from  a few  minutes  to  half  an  hour. 

At  Noordwijk,  the  values  of  I were  always  between  0.9  and  1.0,  the  message  being  intercepted 
practically  all  the  time. 

Except  at  Noordwijk,  where  the  recordings  of  the  signal  received  showed  a qreat  similarity  in  the 
details  with  those  made  at  Staalduinen,  there  was  often  no  visable  correlation  between  the  signal  bursts 
received  at  the  other  stations.  If  signal  bursts  occurring  on  the  circuit  path  and  on  the  interception 
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imth  are  not  supported  by  the  same  meteor  trails,  they  should  be  statistically  Independent.  In  that  case, 
the  probability  that  they  overlap  in  time  is  equal  to  the  product  P.D.  and  the  interception  ratio  I,  as 
defined  above,  is  on  averaqe,  equal  to  P.  This  was  found  to  be  the  case  in  Saclay,  Breisach  and  Sta 

Narinella.  At  forest  Moor  the  values  of  I were  usually  somewhat  higher  than  those  of  P,  showing  that 
some  meteor  trails  reflected  signals  both  to  Staalduinen  and  Forest  Moor.  * 

If  Nc^rdwijk  is  excepted,  it  can  be  concluded  from  the  above  results  that  the  propagation  over  the 
various  paths  was  largely  due  to  :ef lections  from  different  meteor  trails,  and  that  simultaneous  reception 
of  signals  at  two  different  points  was  mainly  coincidental.  Such  coincidences  are,  of  course,  more  likely 
to  happen  when  the  burst  rate  of  occurrence  is  higher.  It  should  be  nc* ed  that  for  maximum  interception 
the  antennas  of  . intercepting  stations  should  be  arranged  to  maximize  the  duty  cycle  with  the  transmitting 

station  rather  being  orientated  necessarily  towards  the  mid-point  of  the  communication  link. 

An  important  parameter  in  meteor-burst  propagation  is  the  forward  scatter  angle  made  by  the  paths 
joining  the  transmitter  and  the  receiver  to  the  point  of  reflection  on  the  trail.  As  can  be  seen  from 
equations  (3)  and  (4),  both  the  amplitude  and  the  duration  of  signal  bursts  are  increasing  functions  of  this 

angle.  Typical  values  of  the  forward-scatter  angle  are  155°  for  a 1500-km  hop,  153°  for  a 1000-km  hop,  and 

100°  for  a 200-km  hop.  For  the  La  Crau-Sta  Marinella  path,  which  follows  a broken  line,  the  angle  is  of  the 
order  of  40°  only,  as  compared,  for  instance,  with  140°  for  the  La  Crau-Breisach  path.  Since  propagation 
was  still  possible  in  such  conditions,  it  can  be  concluded  that  the  range  of  distances  that  can  be  spanned 
by  meteor-trail  reflections  extends  from  the  limit  of  the  optical  or  refraction  range  to  the  maximum  of  about 
2000-km  set  by  the  curvature  of  the  earth's  surface.  It  is  clear,  however,  that  the  same  antenna  system 
could  not  cover  this  whole  range  of  distances  and  give  equal  performance  on  all  paths.  Different  vertical 

radiation  patterns  would  be  required  for  hops  of, say,  up  to  500  km,  between  500  and  1000  km,  and  between 

1000  and  2000  km.  The  propagation  time  percentages  obtained  in  Breisach  can  be  considered  as  the  minimum 
performance  expected  on  any  hop  lengths  within  the  limits  mentioned  above,  with  200  watts  of  transmitter 
power  and  wi*h  properly  designed  antennas. 

In  the  case  of  a broadcasting  application,  the  problem  would  be  to  ascertain  that  the  signal 
emitted  by  the  broadcasting  station  was  received  all  over  the  area  of  interest  for  a minimum  percentage 
of  time.  The  results  of  the  propagation  show  that  it  is  possible  to  obtain  a signal  duty  cycle  of  1% 
with  a reliability  of  at  least  80%  to  90%,  at  all  stations  located  within  the  bean  of  the  transmitting 
antenna.  As  pointed  out  earlier,  better  results  could  certainly  be  obtained  if  antennas  were  specifically 
designed  for  the  purpose.  It  must  be  noted,  however,  that  the  Yagi  antennas  used  for  the  tests  had  a 
horizontal  beamwidth  of  50°  and  that  any  extension  of  the  azimuthal  coverage  would  have  been  at  the 
expense  of  antenna  gain.  This  factor  would  have  had  to  be  compensated  for  by  an  increase  in  transmitter 
power.  Further  consideration  to  the  use  of  meteor-trail  reflections  for  broadcasting  is  given  in  the 
following  section  in  which  special  transmission  techniques  are  discussed. 

5.  INTERCEPTION  AND  JAMMING  VULNERABILITY 

FOr  an  assesanent  of  the  vulnerability  of  the  system  to  interception,  reference  is  made  to  Fig  10, 
which  indicates  tl*t  the  probability  of  intercepting  a certain  proportion  of  the  traffic  is  given  by  functions 
which  are  approximately  exponential.  For  stations  located  within  the  beam  of  the  transmitting  antenna  and 
at  several  hundred  kilometres  from  the  receiving  terminal,  the  average  percentage  of  traffic  intercepted 
varies  between  5 and  16%.  For  stations  outside  the  transmitting  beam,  the  percentages  are  lower  though  not 
zero.  Since  the  interception  ratio  is  of  the  same  order  as  the  percentage  duty  cycle  on  the  path  to  the 
interception  path,  the  risks  of  interception  can  be  reduced  to  a minimum  by  transmitting  at  high  speed  in 
short  bursts,  and  by  keeping  the  transmitter  power  to  the  lowest  level  required  to  obtain  the  duty  cycle 
needed  at  any  given  time.  Total  interception,  of  course,  always  has  a low  but  finite  probability. 

The  problems  of  vulnerability  to  jamming  and  to  interception  are  similar  as  far  as  propagation 
is  concerned.  There  are,  however,  some  fundamental  differences  between  them.  Whereas  there  is  little  an 
interceptor  can  do  to  increase  its  efficiency  once  its  location  is  defined,  the  jammer  disposes  of  one  degree 
of  freedom,  namely  the  transmitter  power,  which  has  a direct  influence  on  its  efficiency.  On  the  other 
hand,  a given  percentage  success  value  has  a different  meaning  for  an  interceptor  and  for  a jammer.  For 
instance,  intercepting  10%  of  the  traffic  passed  over  a link  may  be  of  considerable  interest;  whereas 
jamming  this  link  for  10%  of  the  time  means  slowing  down  the  traffic  by  the  same  amount,  which  is  of  no 
real  consequence.  Unless  the  power  of  the  jammer  is  sufficiently  high  to  piopagate  signals  continuously 
by  ionospheric  scatter  the  chances  of  successfully  jamming  a meteor-burst  link  from  long  distance  appear 
problematic.  Taking  Forest  Moor  as  an  example,  it  is  estimated  that  a 5-kW  jammer  would  be  needed  to 
interfere  with  the  200-watt  STC  link  for  90%  of  the  time  Ref [6^  . This  advantage  of  25  to  1 in  power  ratio 
is  inherent  in  the  propagation  mechanism  and  is  preserved  at  all  power  levels.  If  resistance  to  jamming 
is  essential,  the  tranasitter  power  used  on  the  link  could  be  raised  to  5 or  10  kW,  the  transmission  rate 
being  increased  in  proportion,  so  that  jamming  efficiently  from  long  distances  could  be  practically 
impossible.  Here  again,  however,  the  choice  of  frequencies  substantially  higher  than  40  MHz  might  be  a 
preferable  solution. 

The  200-watt  STC  link  had  a duty  ratio  of  7.5%  and,  with  a transmission  speed  of  2000  baud,  it 
had  an  average  capacity  of  150  baud.  If  the  frequency  were  raised  to  80  MHz  and  the  power  to  2 kW.  from 
equations  (1)  and  (2),  the  duty  cycle  would  be  about  2%.  If  the  transmission  speed  is  now  raised  to 
48000  bits  the  duty  cycle  would  be  reduced  to  0.3%,  but  the  circuit  capacity  wauld  increase  to  about  150 
baud,  ie.,  to  the  value  it  had  at  40  MHz  with  200  watts.  To  jam  this  link  at  80  MHz  for  90%  of  time  would 
now  require  a jammer  power  in  excess  of  150  kW  (assuming  X“5  relationship  for  the  SNR  in  ionoscatter 
propagation).  It  should  be  observed  that  a high  signalling  rate  implies  a low  duty-cycle,  which  in  turn 
implies  the  possibility  of  long  message  delays.  The  average  rate  of  transfer  of  information  would  be  higher, 
but  the  delays  to  short  messages  might  be  longer.  Long  messages  would  pass  at  the  averaqe  rate  and  would 
therefore  be  presented  with  shorter  delays  at  a higher  signalling  speed. 
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b-  FREQUENCY  SHARING 

To  be  able  to  use  meteor-burst  propagation  for  communicating  at  the  same  frequencies  and  in  both 
directions  between  a central  post  and  a number  of  peripheral  stations,  interference  between  signals 
converging  towards  the  common  receiver  would  have  to  be  avoided,  i.e.  the  probability  of  a burst  occurring 
on  more  than  one  path  at  a time  would  have  to  be  low.  For  this  to  be  possible,  two  conditions  would  have 
to  be  met.  Firstly,  the  stations  should  be  sufficiently  dispersed.  Typical  minimum  requirements  for 
their  dispersion  would  be  an  angle  of  13°  between  path  bearings,  or  a separation  of  400  km  between  stations. 
Secondly,  the  duty  cycle  of  each  link  should  be  limited  to  a few  percent,  say,  less  than  five.  However, 

at  frequencies  as  low  as  40  HHr  the  duty  cycle  is  sometimes  much  higher  due  to  the  occurrence  of  ionospheric 
scatter  or  of  reflections  from  sporadic-E  layers.  As  seen  from  Fig  2 the  situation  would  be  much  more 
favourable  in  the  frequency  range  above  70  MHz  where  propagation  modes  other  than  meteor  scatter  became  very 
except ional . 

Frequency  sharing  between  several  meteor-burst  links  operating  in  the  same  area  poses  a problem 
which  is  very  similar  to  that  of  the  star-shaped  network  discussed  above.  There  again,  one  situation  must 
be  avoided  in  which  wanted  and  unwanted  signals  often  reached  a given  receiver  at  the  same  instant. 

Strictly  speaking,  such  coincidences  cannot  be  excluded  completely  iince  they  have  been  observed  even  in 
Sta  Marinella;  however,  if  their  average  probability  i3  a few  percent  only,  the  risks  of  mutual  interference 
would  not  be  very  serious.  As  already  mentioned,  reflections  from  sporadic-E  layers  are  still  relatively 
frequent  in  simmer  at  40  MHz  and  are  sufficiently  strong  to  cause  interference  through  back  or  sidelobes  of 
antennas  at  distances  of  up  to  2000  km.  The  possibilities  of  frequency  sharing  therefore  appear  very  remote 
except  at  higher  frequencies. 

7.  CONSIDERATIONS  ON  THE  USE  OF  METEOR  SCATTER  FOR  BROADCASTING  APPLICATIONS 

The  broadcasting  of  information  by  meteor-trail  reflections  requires  techniques  which  necessarily 
differ  f rim  those  used  on  two-way  cotrouunication  links.  Since  no  feedback  is  possible  from  the  receiver  to 
the  transmitter,  ARQ  systems  are  not  applicable.  The  information  must  be  repeated  by  the  transmitting 
terminal  until  the  probability  of  reception  is  deemed  to  have  reached  the  required  level.  Meteor  reflect- 
ions occur  at  random  and  their  duration  varies  unpredictably  between  a fraction  of  a second  and  several 
seconds.  Nevertheless,  their  statistical  characteristics  are  sufficiently  well  known  to  determine  how  long 
a message  should  be  repeated  before  it  reaches  its  destination. 

Different  approaches  can  be  followed  in  devising  a broadcasting  system  based  on  meteor-burst 
propagation.  The  simplest  one  is  briefly  discussed  below.  Each  message  is  handled  as  one  indivisible  block 
of  information,  the  transnission  of  which  relies  on  the  occurrence  of  one  single  burst  of  sufficient  duration 
The  block  is  emitted  at  high  speed  and  repeated  for  a period  of  time  which  depends  on  its  length.  Since  the 
receiver  is  not  in  permanent  contact  with  the  transni t ter , synchronization  must  be  established.  This  can  be 
realized  by  inserting  a special  signal  between  two  successive  emissions  of  a block,  in  much  the  same  way  as 
the  ARQ  signal  is  inserted  between  two  repetition  cycles  in  the  STC  system.  The  synchronization  signal 
thereto^  marks  both  the  beginning  and  the  end  of  the  message. 

As  for  the  choice  of  a code,  it  is  clear  that  some  protected  code  is  necessary  to  discriminate 
between  signal  and  noise  or  interference  at  the  output  of  the  receiver.  Unless  a very  long  code  is  used, 
however,  ouny  errors  wculd  be  made  by  the  receiver  during  the  intervals  between  bursts,  when  only  noise  is 
present.  A more  efficient  solution  would  be  to  use  a simple  error -detect ing  code,  for  instance,  the  ARQ 
code,  and  to  set  the  condition  that  no  apparently  correct  character  can  be  accepted  unless  the  following 
"n"  character**  also  appear  to  be  correct.  With  the  ARQ  code  and  at  2000  baud  for  instance,  the  value 

n - 11  leads  to  a probability  of  one  error  in  16  hours. 

If  dual  diversity  reception  is  available,  the  technique  used  in  the  STC  system  can  be  applied 
with  a view  to  reducing  n.  Before  the  receiver  outputs  can  be  processed  and  the  message  read  out,  it  is 
required  that  the  synchronization  signal  be  identified  simultaneously  in  the  two  diversity  branches.  This 
indicates  almost  with  certainty  that  a meteor  burst  is  present,  30  that  the  checking  procedure  need  not  be 
so  severe  afterwards.  With  n ■ 5,  the  probability  of  error  would  be  about  one  in  4000  bursts,  which  should 
be  quite  acceptable. 

With  a transmission  rate  of  2000  baud,  a message  of  ISO  characters  (25  words)  requires  a burst  of 
half  a second  at  least.  Measurements  on  the  La  Crau-Staalduinen  circuit  have  shown  that  the  average  rate  of 

occurrence  of  such  bursts  is  one  every  15  or  20  seconds  when  the  duty  cycle  is  12.5%  (early  morning)  and  one 

per  minute  when  the  duty  cycle  is  2.5%  (late  afternoon).  Practically,  to  take  into  account  deviations  from 
the  statistical  average  and  to  obtain  a probability  of  reception  of  99%, it  would  be  necessary  to  repeat  the 
message  during  a period  of  time  equal  to  four  or  five  times  the  average  interval  between  bursts. 

Shorter  messages  require  bursts  of  shorter  duration,  which  are  of  course  more  frequent,  as  shown 
by  the  comparative  figures  contained  in  the  table  below: 


No  of  characters  per  message 

15 

150 

Average  time  interval  between 
suitable  bursts 
early  morning 
late  afternoon 

5-10 

20 

seconds 
seconds  ^ 

15-20  seconds 

1 minute 

Duration  of  repetition  period 
early  morning 
late  afternoon 

5 to  1 minute 

15  minutes 

15  minutes 

4-5  minutes 

i 


' 


I 


/ 


L 


It  must  be  noted  that  it  is  possible  to  increase  the  rate  of  signalling  much  beyond  2000  baud, 
thereby  reducing  the  delays  in  the  transnission  of  messages.  At  20,000  baud  for  instance,  and  with  2 kw 


of  power  , messages  of  ISO  characters  would  not  )w»v»  to  he  rape* tad  longer  than  IS  minutes  on  a path  where 
tha  duty  cycle  la  not  lower  than  2.5%. 


CONCLUS IONS 


While  the  STV  meteor -bur  at  ay  at  em  we  a t eat  ed  on  the  link  ha  Crau-St  aalduinen,  measurement  a were 
made  at  five  monitoring  at  at  Iona  which  were  all  tuned  to  receive  the  alqnal  emitted  by  t he  l,a  Crau 
tranamltter . One  of  thaae  etatlona,  Noordwljk,  waa  only  15  km  away  from  the  Staaldulnen  terminal.  The 
other  four  were  aeveral  hundreds  of  kilometres  away  from  either  terminal. 


The  results  of  these  teats  showed  that  the  signal  from  l.a  Crau,  which  waa  emitted  continuously  but 
carried  traffic  only  by  intermittent;#,  could  be  received  by  txirsts  for  a certain  percentage  of  time  in  all 
stations.  Keception  at  Noordwl)k  was  practically  as  good  as  at  Staalldulnen . Next  came  Forest  Moor,  Saclay, 
Bretsach,  ami  finally  Sta  Natlnella  which  waa  In  the  least  favourable  position  and  received  the  signal  4iout 
ten  times  less  frequently  than  Staalduinen.  These  results  demonstrate  the  fKjtentJ.il  capability  of  meteor* 
lai « st  syst  oma  to  operate  over  ranges  from  200  to  2000  km. 


A second  result  was  to  show  that  the  correlation  between  signal  bursts  received  at  Staalduinen 
on  the  one  hand  am!  at  the  monitoring  stations  on  the  other  was  nil  or  low,  except  at  Nootdwijk  where  the 
correlation  waa  almost  total.  Interception  of  the  traffic  passed  over  the  link  was  generally  due  to  the 
slmu Itaneous  occurrence  of  twn  meteor  trails  which  reflected  the  signal  In  two  different  directions.  When 
the  duty  cycle  was  low,  say  less  than  5%,  such  coincidences  were  rare  am!  the  proportion  of  Intercepted 
Information  was  not  more  than  a f ew  per cant.  In  summer,  however,  the  occurrence  of  sporadlc-E  layers  In 
the  Ionosphere  made  Interception  possible  quasi -cont 1 nuousl y for  periods  of  a few  minutes  to  half  an  hour. 


Fr«j«  the  results  of  the  interception  tests,  it  is  concluded  that  jamming  from  long  distances  would 
be  inefficient,  am!  that  relatively  high  power  would  be  needed  to  Interrupt  a meteor -burst  link  completely. 


The  t'ossibl  1 i t y of  sharing  frequencies  between  several  links  waa  studied,  both  in  the  case  of  a 
net  m>rk  having  a star  cnnf lgurat ion  am!  in  the  case  of  independent  circuits.  Although  it  appeals  that  this 
possibility  **4«  st  s In  principle  with  met  eor-bnrst  systems,  It  is  considered  that  the  risks  of  mutual 
interference  are  too  high  at  40  NHt  due  to  the  occurrence  of  competing  modes  of  propagation,  such  as 
ionospheric  reflection  am!  scattering.  The  rlaks  would  be  considerably  reduced  at  higher  frequencies. 


From  the  propagation  data  collected,  It  can  be  concluded  that  met eor-burst  propagation  can  be 
used  for  broadcasting  applications.  T'  obtain,  however,  a nearly  equal  time  percentage  of  reception  at 
all  distances  from  200  to  2000  km,  three  antenna  system*  Itavinq  different  vertical  radiation  patterns 
would  be  needed.  With  transmitter  powers  in  the  kilowatt  range,  a message  of  25  words  would  have  to  be 
repeated  (hiring  one  to  five  minutes  to  achieve  a probability  of  reception  in  excess  of  *10%. 
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Fig.  4>  Nap  showing  mstsor-burst  link  and  monitoring  stations 
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Fig.  10:  Cumulative  distribution  of  interception  ratios  (Feb  - Dec) 
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SUMMARY 

This  paper  summarizes  the  progress  to  date  in  predicting  the  enhanced  fields  that 
are  encountered  in  the  presence  of  a stratified  atmosphere,  of  particular  interest  are 
the  ducting  conditions  associated  with  supercritical  refractivity  gradients  both  aloft 
and  at  or  near  the  surface.  As  a basis  for  estimating  the  likelihood  of  these  support- 
ive conditions,  the  available  information  is  surveyed.  It  is  suggested  that  the  access 
to  computers  and  the  availability  of  historical  radiosonde  data  be  exploited  to  map  the 
pertinent  characteristics  of  tropospheric  layers  on  a worldwide  basis  to  meet  the  inter- 
ference prediction  requirements  of  the  telecommunications  regulatory  agencies. 


I INTRODUCTION 

The  ducting  or  guiding  of  radio  waves  by  the  stratified  troposphere,  i.e.  by  strong 
refractivity  gradients  at  and  near  the  surface  or  aloft,  has  been  the  subject  of  recur- 
ring experimental  and  theoretical  investigations  since  World  War  II  [1,  2,  3].  However, 
recent  significant  theoretical  advances  have  been  sparked  by  a renewed  interest.  One 
source  of  this  interest  has  been  the  preparation  for  the  1979  General  World  Administra- 
tive Radio  Conference  (GWARC-79)  of  the  International  Telecommunications  Union  (ITU) . 

This  interest  results  from  the  fact  that  the  enhanced  fields  associated  with  tropospheric 
layering  contribute  to  the  potential  co-channel  interference  problems  that  are  of  concern 
to  the  radio  regulators  (4). 

At  frequencies  below  about  30  MHz,  the  non-ionized  atmosphere  and  its  temporal  or 
spatial  variation  are  readily  accommodated  by  either  the  effective-earth-radius  factor 
I or  the  exponential  atmospheric  model,  and  their  effects  upon  radio  propagation  are 

readily  approximated  by  minor  modifications  of  the  standard  prediction  methods.  However 
as  VHF  and  higher  frequencies  are  considered,  the  effects  of  the  non-standard  conditions 
(i.e.,  the  stratified  troposphere)  become  increasingly  significant.  The  resulting  propa- 
gation modes  become  anomalous  (i.e.,  non-standard);  the  received  radio  signals  are  then 
either  markedly  weaker  or  stronger  (degraded  or  enhanced;  than  would  be  expected  with  a 
standard  atmosphere. 

The  anomalous  degradation  of  the  received  signal  (fading)  has  been  the  subject  of 
many  theoretical  and  experimental  investigations  of  line-of-sight  propagation  paths. 

These  are  well  documented;  the  results  have  been  surveyed  and  catagorized  (5) . This 
signal  degradation  impairs  system  performance.  It  is  an  intra-system  problem  for  which 
remedies  are  available;  they  may  be  applied  in  anticipation  or  after-the-fact. 

On  the  other  hand,  the  anomalous  improvement  of  the  received  signal  (an  enhanced 
field)  is  of  interest  primarily  because  the  more  volatile  problem  of  inter-system  inter- 
ference can  result,  particularly  for  beyond-line-of-sight  (transhorizon)  systems.  Since 
these  enhanced  fields  pose  the  threat  of  interference  to  and  from  other  systems,  they 
play  a large  role  in  the  determination  of  the  co-ordination  distances  required  by  the 
national  and  international  regulatory  agencies.  These  enhanced  fields  and  their  support- 
ive conditions  have  not  been  studied  as  extensively  as  have  the  degraded  (fading)  fields, 
nor  have  they  been  as  well  understood  in  a quantitative  sense  until  recently. 

P 

For  short  transhorizon  paths  (for  which  the  standard  mode  of  propagation  is  diffrac- 
tion) , the  enhanced  fields  are  on  the  order  of  the  free-space  field.  Their  occurrence, 
ducting,  is  almost  always  associated  with  the  presence  of  superre tractive  gradients  at  or 
near  the  surface.  These  are  more  common  and  extensive  on  maritime  or  over-water  paths 
than  on  overland  paths  (61. 

For  the  longer  transhorizon  paths  (for  which  the  standard  mode  of  propagation  is 
troposcatter) , the  enhanced  fields  can  be  most  dramatic.  In  the  presence  of  super- 
refractive  elevated  layers,  the  standard  (attenuated,  rapidly  fluctuating)  troposcatter 
signal  may  be  replaced  by  a very  strong  (up  to  45  dB  stronger) , very  slowly  varying 
signal  [6], 

Despite  the  significant  advances  in  theoretical  treatment  summarized  in  the 
following  section,  the  description  of  the  supportive  atmospheric  conditions  (tropospheric 
layering)  has  not  kept  pace.  The  purpose  of  this  summary  paper  is  to  document  the  pre- 
sently available  data  on  the  refractivity  gradients  encountered  in  tropospheric  layers 
aloft  and  at  or  near  the  surface. 
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II  DUCT  PROPAGATION  RELATIONSHIPS 


A milestone  in  the  study  of  wave  propagation  via  tropospheric  layers  and  ducts  was 
achieved  in  1962,  when  Wait  reviewed  the  then-available  duct  propagation  theories, 
placing  them  into  a common  context  [7],  The  wide  variety  of  theoretical  solutions  were 
primarily  extensions  of  two  basic  formulations,  the  Booker  and  Walkinshaw  mode  theory 
(2 1 and  the  Furry  asymptotic  theory  (3J.  The  extensions  all  assumed  a simple  duct 
(cylindrically  uniform  above  a concentric  cylindrical  earth);  their  variety  lay  in  the 
mathematical  representation  of  the  vertical  (radial)  refractivity  profile  within  the 
duct.  Since  1962,  there  has  been  progress  at  an  increasing  pace;  computer  programming 
of  the  full-wave  solution  for  tropospheric  ducts  has  provided  quantitative  results  for 
the  (piecewise)  linear  variation  of  refractivity  within,  and  in  the  vicinity  of,  the 
duct.  The  most  recent  advance  has  been  the  extension  of  the  full-wave  solution  (and  its 
computer  programming)  to  the  non-uniform  duct,  wherein  the  vertical  refractivity  profile 
varies  along  the  duct  IB]. 


A Propagation  Within  the  r>uct 

As  the  use  of  these  computer  programs  becomes  more  widespread  and  familiar,  it  is 
expected  that  their  results  will  be  reduced  to  the  engineering-type  formulas  and  curves 
that  are  required  for  the  prediction  of  these  anomalous  fields  on  an  operational  basis. 
From  the  point  of  view  of  radio  regulation  and  estimating  interference  potential, 
however,  the  observational  data  and  theory  already  permit  lower-bound  estimates  of 
system  transmission  loss  (6). 


When  both  the  signal  source  and  the  observer  are  well-immersed  within  the  duct,  the 
signal  is  propagated  with  very  low  losses  [9).  For  frequencies  greater  than  a critical 
value  [10) 


GHz 


(1) 


(where  D is  the  duct  thickness  in  meters),  the  full  wave  ”->lution  will  determine  a 
first-mode  attenuation  coefficient  as  oi0.03  dR/km.  "'he  '4c  transmission  loss  within 
the  duct  will  then  equal  or  exceed  the  value  [6] 

1^  - 92.45  + 20  log  f + 10  log  d + n.03d  + A (2) 


(in  decibels),  where  f is  the  transmission  frequency  in  gigahertz,  d is  the  nominal  path 
length  in  kilometers,  and  A is  the  aperture-to-medium  coupling  loss.  The  coupling  loss 
results  when  the  antenna  (half-power)  beamwidth  0 is  so  large  that  not  all  of  the  main- 
lobe  radiation  is  trapped  and  propagated  along  the  duct.  An  estimate  of  this  coupling 
loss  is  given  per  terminal  antenna  by  [6] 

A - -10  log|2flc/n|  for  2|0c|<fl  , (3) 

» 0 for  2|flc|i(J  , 


where 


/2 1 A.M  | /1-y/Ah  for  0^y<Ah  , 

/5  [ AM  I"  /l+y/(D-Ah)  for  Ah-P^iO 


(4) 


Here,  0c  is  in  milliradians  when  the  modified  refractivity  lapse  AM  within  the  duct  is 

in  M units,  and  y is  the  vertical  displacement  of  the  terminal  from  the  base  of  the 
superref ractive  layer  (i.e.  y*0  for  z=h  in  Fig.  1).  There  is  a very  similar  per  terminal 
coupling  loss  when  one  or  both  terminals  are  within  the  elevation  range  of  the  duct  but 
beyond  the  duct's  horizontal  extent.  This  "end-fire"  coupling  loss  would  be  given  by  (3) 
if  the  2 | 0c | were  replaced  by  P/dj  . Here,  P is  the  duct  thickness,  and  d^  is  the  dis- 
tance from  the  end  of  the  duct  to  the  terminal  beyond  (exterior  to)  the  duct  (11). 


Note  that  (2)  can  be  considerably  less  than  the  free-space  loss 

T.bo  - 92.45  + 20  log  f + 20  log  d dR  , (5) 

since  one  effect  of  the  trapped  propagation  is  to  constrain  the  spread  of  energy  in  the 
vertical  direction. 


B Propagation  Near  The  Puct 

When  one  or  both  terminals  are  exterior  to  (and  above)  the  duct,  observational  and 
theoretical  data  suggest  that  the  free-space  loss  of  (5)  may  be  a reasonable  lower  bound. 
When  both  terminals  are  exterior  to  (and  below)  the  duct,  an  estimated  lower  bound  may 

be  free-space  plus  20  to  24  dp  (i.e.  (5)  plus  20  or  24  dB) about  10  to  12  dR  per 

terminal  exterior  to  the  duct.  These  appear  consistent  with  limited  operational  data 
[61  and  early  theoretical  results  for  the  non-uniform  duct  [81 . 
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III  PRFPTCTION  OF  SHRFACF  Pl’CTS 

The  occurrence  and  characteristics  ( ref ract i vi ty  gradients,  thickness,  etc.)  of 
surface  ducts  (illustrations  (a)  and  (b)  of  Fiq.  1)  have  been  described  and  mapped  by 
Bean  and  his  associates  (121.  Althouqh  the  coveraqe  therein  is  nominally  worldwide,  it 
is  based  primarily  on  land  stations  and  is  primarily  descriptive  of  overland  ducts. 
Therefore,  in  the  followino  material,  we  shall  concentrate  on  the  more  prevalent  and 
extensive  sea-surface  ducts. 

From  Fiq.  1 and  the  previous  section,  we  see  that  the  duct  propaqation  depends  upon 
the  superref ractive  qradient  (its  strength,  vertical  extent,  and  horizontal  continuity) 
which  can  vary  with  time  of  day  and  year  or  the  distribution  of  weather  elements.  One 
useful  cateqorization  of  superref ractive  layers  would  be  in  terms  of  their  vertical 
extent.  Peep  layers  (extendinq  25  m or  more  above  the  surface)  would  be  relevant  to 
ocean-vessel  communication;  communication  antennas  have  been  at  about  24  m above  the  sea 
on  most  naval  vessels,  and  search  radars  on  capital  ships  have  been  at  about  30  m above 
the  sea.  On  the  other  hand,  shallow  layers  (extendino  to  15  m or  less)  would  have 
siqnificance  for  propaqation  between  terminals  (communication  terminals  or  low-sited 
radars)  on  smaller  craft.  For  the  prediction  of  sea-surface  layers,  a preferable  classi- 
fication may  be  that  of  the  meteoroloaists , who  cateqorize  atmospheric  layers  in  terms 
of  their  dominant  causative  mechanism.  Fortunately,  this  latter  classification  approxi- 
mates the  former:  advection-type  layers  tend  to  be  deep,  and  evaporation- type  layers 
tend  to  be  shallow. 

A Superref ractive  Advectlon  Layers 

"he  deep,  superrefractive  advection  layers  result  from  the  movement  of  warm,  dry 
air  over  the  sea  (12).  For  example,  durinq  the  late  -.ummer  and  early  fall,  the  prevailinq 
winds  move  continentally  modified  (warm,  dry)  air  masses  offshore  over  cooler  maritime 
air.  As  a result,  favorable  locations  for  the  occurrence  of  these  advection  layers 
border  certain  east  coasts  of  continents  or  laroe  islands  (6). 

Similarly,  the  circulation  patterns  of  air  and  ocean  combine  to  produce  advection 
layers  near  the  sea  surface.  For  example,  larqe  oceanic  semi -permanent  hiqhs  are  charac- 
terized at  lower  elevations  by  a larqe  mass  of  air  which  has  warmed  and  dried  adiabati- 
cally  durinq  its  descent.  Therefore,  superrefractive  advection  layers  also  occur  near 
the  west  edqe  of  continents,  at  latitudes  of  approximately  15'  to  35°  N or  S,  where  the 
eastern  section  of  a semi-permanent  hioh  tilts  down  toward  the  sea  surface  in  the 
vicinity  of  a cold  ocean  current  [6J. 

B Superrefractive  Fvaporation  Layers 

Shallow  superrefractive  evaporation  layers  are  found  over  extensive  areas  of  the 
ocean,  whenever  conditions  are  conducive  to  rapid  evaporation  rates.  These  layers  result 
primarily  from  the  humidity-temperature  contrasts  between  air  and  sea  in  a shallow  tran- 
sition layer  ad-jacent  to  the  surface.  Tn  addition,  the  evaporation  rate  per  unit  area 
and,  consequently,  the  occurrence  and  strenoth  of  these  layers  is  stronoly  influenced  by 
the  speed  and  steadiness  of  the  local  wind. 

"he  stronqest  evaporation  rates  are  found  north  of  35°N  (or  south  of  35'S)  in  winter 
over  warm  ocean  currents  such  as  the  Kuroshio  (Japan),  the  North  Atlantic  Orift,  the 
Alaskan  Current  and  the  Fast  /‘ustralian  Current  (13).  Tn  middle  latitudes  the  amount  of 
evaporation  per  unit  area  varies  with  the  seasons,  reachinq  a minimum  in  summer  (June  and 
July  in  the  Northern  Femisphere)  and  a maximum  in  the  fall  and  early  winter  (September, 
October,  and  November  in  the  Morthorn  I'emisphere)  v.’hen , althouoh  the  air  is  cold,  the 
water  is  still  relatively  warm  (131. 

In  the  tropics,  evaporation  takes  place  all  of  the  time,  since  the  sea-surface 
temperature  is  normally  hiqher  than  that  of  the  air  above  it.  However,  because  this 
difference  in  temperature  (and  in  the  correspondinq  absolute  humidity)  is  small,  the 
actual  rate  of  evaporation  per  unit  area  is  not  as  nreat  as  in  the  middle  latitudes,  but 
the  resultinq  shallow  superrefractive  layer  can  be  very  intense.  These  stronq  evapora- 
tion layers  are  reported  as  a semi-permanent  feature  in  the  Caribbean,  disrupted  by,  and 
reforming  immediately  after,  the  passaqe  of  squall  lines  (14).  other' tradewind  areas, 
where  evaporation  exceeds  precipitation  (see  fiqure  2),  are  also  likely  reqions  for 
stronq  evaporation  layers  (15). 

All  oceans  experience  fluctuations  in  the  evaporation  at  certain  periods  and  in 
certain  reqions;  these  appear  to  be  related  to  the  persistence  of  anomalies  in  the 
monthly  and  yearly  sea-surface  temperatures.  Anomalies  also  occur  in  the  humidity  or 
water  vapor  structure,  but  conclusive  determination  of  humidity  fluxes  over  the  sea  is 
still  lacking  (61.  Superrefractive  layers  are  sometimes  associated  with  steam  fog  or 
"Arctic  smoke,"  although  this  is  usually  an  indication  of  the  onset  of  the  layer's  dis- 
integration. 

C Overwater  Prediction  charts 

The  foreqoinq  demonstrates  how  an  understandino  of  the  causative  physical  processes 
permits  an  identification  of  the  ocean  areas  favorable  for  the  occurrence  of  super- 
refractive layers.  This  is  essential  if  the  meteorological  data  obtained  from  the  very 
limited  number  of  marine  observational  stations  are  to  be  extrapolated  over  the  oceans 
of  the  world  (16).  tn  addition,  quantitative  estimates  of  certain  layer  characteristics 


- 


’0-4 


are  necessary,  for  radio  propagation  prediction  purposes.  Although  these  character- 
istics of  interest  (the  strength  of  the  gradient,  its  vertical  and  horizontal  extents, 
and  its  occurrence)  are  not  adequately  measured  at  present,  some  estimates  are  available. 


Figure  1 indicates  those  world  oceanic  areas  for  which  estimates  are  available  of 
the  characteristics  of  subref ractive  and  superref ractive  layers.  These  represent  a sub- 
stantial beginning  but  further  estimates  are  necessary;  estimates  of  the  diurnal  varia- 
tion of  the  layer  characteristics  are  particularly  limited.  The  ocean  areas  of  figure  3 
with  the  diagonal  shadinq  ////  are  those  for  which  charts,  primarily  of  advection  layers, 
are  available.  The  ocean  areas  with  the  reverse  diagonal  shading  are  those  for  which 
charts,  primarily  of  evaporation  layers,  are  available. 

A particularly  useful  type  of  prediction  chart,  illustrated  in  figure  4,  gives  the 
percent  expectancy  of  extended  ranges  (50%  or  greater  increase  in  range)  for  L,  S,  and 
X-Rand  Radar  for  superrefractive  layers  [17],  These  and  the  many  others  available  (6) 
are  actually  charts  determined  from  the  potential  refractive  index  observed  at  ship- 
bridge  heights  and  under  various  wind  conditions.  For  an  assumed  height  distribution  of 
refractive  index,  these  variables  permit  an  estimate  of  the  sea-surface-layer  refrac- 
tivity  gradient  and  its  vertical  extent.  Those  variables  associated  with  super-critical 
gradients  are  then  combined  into  one  convenient  parameter,  the  "maximum-trapped- 
wavelength" , that  results  from  Schelkunof f ' s solution  (18)  of  the  simplest  guided-wave 
propagation  problem.  Although  this  maximum  trapped  wavelength  is  only  an  approximation 
and  is  generally  less  than  the  critical  frequency  of  (1),  it  has  served  as  a convenient 
parameter  for  charting  the  multiplicity  of  surface-layer  characteristics  pertinent  to 
propagation  via  the  sea-surface  duct. 


IV  PREDICTION  OF  ELEVATED  IAYFRS 

When  one  summarizes  the  characteristics  of  enhanced  fields,  it  is  clear  that  their 
occurrence  at  VHF  and  lower  frequencies  for  transhorizon  paths  of  500  to  700  km  may  be 
caused  either  by  tropospheric  or  by  ionospheric  layerinq  (6).  However,  here  our 
interest  is  in  those  enhanced  fields  associated  with  tropospheric  layering,  elevated 
refractivity  layers. 

A Occurrence  of  Elevated  Layers 

Fnhanced  fields  have  been  observed  in  the  presence  of  atmospheric  subsidence  that 
oroduced  elevated  layers  generally  consisting  of  dry  warm  air  overlying  cool  moist  air. 
One  would  therefore  expect  that  these  tropospheric  layers  that  are  conducive  to  high 
fields  will  occur  over  large  land  masses  generally  because  of  subsidence  effects. 
Advection  can  also  produce  these  same  conditions,  particularly  in  coastal  regions, 
although  more  frequently  over  water  than  over  land.  Pubsidence  is  also  the  mechanism 
that  produces  the  semi-oermanent  trade  wind  elevated  layers,  roughly  5°N  to  30°N  and 
5'S  to  30®S,  over  the  oceans.  An  example  of  these  elevated  layers  is  illustrated  by 
figure  5 (6,  19]. 

Published  information  also  suggests  similar  (though  less  common)  elevated  layers 
over  ocean  regions  north  of  the  trade  wind  region;  see  figures  6 and  7.  Such  layering 
was  sufficient  on  one  occasion  to  support  the  transmission  of  an  excellent  TV  picture 
and  sound  that  persisted  over  a 1200  mile  overwater  path  (during  broadcast  hours)  for 
more  than  two  days. 

For  elevated  layers  and  ducts  formed  by  advection  or  subsidence,  the  foregoing 
indicates  that  such  layers  range  from  semi-permanent  conditions  (in  the  tradewind  and 
some  coastal  regions)  to  increasingly  rare  phenomena  as  we  move  poleward.  Although 
there  are  considerable  radiosonde  data  available  as  historical  records  and  on  a world- 
wide basis,  only  a very  limited  amount  have  been  processed  into  the  ref ractivity-height 
profiles  from  which  layer  characteristics  can  be  determined.  Mappings  of  some  character- 
istics have  been  long  available:  very  sketchily  on  a worldwide  basis  [21,22],  in  more 
detail  for  localized  areas  (23],  and  in  appreciable  detail  for  the  Atlantic  tradewind 
region.  For  example,  the  Atlantic  tradewind  system  is  well  behaved  and  adequately 
described  in  terms  of  temporal  distributions  of  gradients,  heights,  thickness,  etc.  as 
the  high-pressure  cells  follow  a well-defined  pattern  of  shifting  with  the  season 
(between  the  West  Indies  and  the  Madeira  Islands  in  the  North  Atlantic  and  near 
Ascension  Island  in  the  South  Atlantic) . Of  course  trapping  requires  gradients  less 
than  -157  v units/km,  which  are  not  always  achieved  by  the  tradewind  inversion  layer; 
the  occurrence  of  tradewind  trapping  layers  (ducts)  in  the  Atlantic  tradewind  regions 
varies  with  the  season,  from  about  30*  to  55*  of  the  time.  Similarly,  these  elevated 
ducts  increase  in  heiqht  from  east  to  west  and  range  with  the  season  from  about  1.2  to 
3.0  km  above  the  sea  surface  [19], 

On  most  overland  troposcatter  paths  in  the  temperate  zones,  the  horizontal  extent 
of  strong  surface  refractivity  gradients  is  often  limited  by  the  large-scale  terrain 
irregularities.  The  effect  of  these  gradients,  then,  is  primarily  that  of  improving 
the  coupling  efficiency  for  the  elevated  layer  mode  (by  reducing  the  angle  of  incidence 
at  the  elevated  layer)  rather  than  providing  a surface  ducting  mode  of  propagation. 

These  strong,  surface,  over-land  gradients  occur  more  often  in  the  tropics  than  in  the 
temperate  or  polar  zones  (6,  20]. 
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On  the  other  hand,  overwater  troposcatter  paths  encounter  sea-surface  refractivity  , 

gradients  that  are  more  common,  generally  stronger,  and  of  greater  horizontal  extent  so 
that  trapping  can  occur  and  be  effective  for  greater  distances.  In  this  situation,  the 
contribution  to  the  coupling  of  an  elevated-layer  mode  depends  upon  leakage  from  the 
strong  surface  layer.  The  energy  that  strikes  the  elevated  layer  may,  therefore,  be 
dispersed  over  a larger  horizontal  extent  of  the  elevated  layer,  and  in  general,  a less 
marked  field  enhancement  can  then  be  expected.  Of  course,  the  signal  trapped  by  the 
sea-surface  refractivity  gradient  can  also  contribute  to  the  received  field  on  trans- 
horizon paths,  but  non-uniformity  of  the  surface  layer  characteristics  (refractivity 
gradient,  layer  thickness)  can  also  provide  a strong  attenuation  with  distance.  Marked 
field  enhancement  (via  elevated  layers)  would  therefore  appear  more  likely  in  the  VHF 
and  lower  SHF  frequency  range  for  the  long  overwater  troposcatter  paths. 


V CONCLUSION 

Since  1944,  some  prediction  charts  have  been  available  for  estimating  the  occur- 
rence and  characteristics  of  the  superrefractive  elevated  layers  or  surface  layers  that 
constitute  surface  ducts.  The  world's  land  surface  and  most  of  the  waters  bordering  the 
Asian  continent  have  been  so  charted  for  both  advection  and  evaporation  layers.  Most 
of  the  world's  oceans  have  been  so  charted  for  the  occurrence  of  surface  advection 
layers  and  also  for  a few  of  their  characteristics  pertinent  to  anomalous  propagation. 
These  charts  have  limitations  due  to  the  available  marine  meteorological  data.  The  data 
are  particularly  inadequate  in  spatial  and  temporal  coverage.  For  example,  much  more 
data  would  be  useful  for  the  temporal  and  spatial  variation  of  the  layer  (or  duct) 
vertical  thickness  and  horizontal  extent.  Programs  such  as  the  BOMEX  Sea-Air  Interaction 
Study  and  the  U.S.  Toast  Guard  National  Data  Buoy  Project  could  lead  to  a substantially 
improved  data  base  for  the  prediction  of  sea-surf ace  duct  characteristics. 

Since  1958,  estimates  have  become  increasingly  available  for  the  occurrence  of 
elevated  layers  that  are  sufficiently  superrefracti ve  to  serve  as  the  upper  portion  of 
elevated  atmospheric  ducts.  Summary  data  on  the  characteristics  of  these  elevated  layers 
are  most  sparse  overlands  the  tradewind  regions  of  the  world  appear  to  yield  the  most 
systematic  characteristics,  although  there  is  presently  much  less  data  available  for  the 
Pacific  than  for  the  Atlantic  tradewind  regions.  The  available  meteorological  (radio- 
sonde) data  have  yet  to  be  adequately  exploited  and  processed;  one  could  then  determine 
elevated  layer  characteristics  on  a more  satisfactory  worldwide  basis. 

From  the  point  of  view  of  operational  system  design  (for  communications  or  long- 
distance monitoring  via  ducts) , there  is  a further  limitation.  This  results  primarily 
from  the  fact  that  the  available  solutions  have  not  been  reduced  as  yet  to  the 
engineering-type  formulas  or  curves  required  for  the  prediction  of  these  anomalous 
fields  on  an  operational  basis. 

From  the  point  of  view  of  radio  regulation  and  estimating  interference,  the 
observational  data  and  the  theory  already  permit  lower-bound  predictions  of  transmission 
loss.  However,  prediction  of  the  associated  percent  occurrence  is  presently  hampered  by 
inadequate  susnmaries  of  elevated  and  surface  duct  characteristics. 
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Figure  1.  Elevated- layer  and  surface  layer  parameters  for  ducting  conditions 
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Figure  2.  Areas  of  the  world  where  evaporation  exceeds  precipitation 
estimated  difference  is  given  in  centimeters  per  year  f 1 5 J 


Regions  for  which  charts  are  available,  primarily  of  advective 
lavei  s i/////  //i  and  primarily  of  evaporative  layers  t\\\\\\\^ 


Figure  A 


Ar east  of  the  world  ocean*  where  condition*  ate  favorable  for 
the  formation  of  elevated  layer*.  "he  chatts  A through  F are 
for,  respectively,  January,  March,  May,  July,  September,  and 
November  |?1). 
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Figure  7 


Mean  helqhte  (In  meter*)  and  percent  occurrence*  ( > 40% ) for  elevated 
layer*  with  gradient*  s-157  N unlt*Am  (22). 
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Six  distinct  forms  of  scatter  communication  are  reviewed , namely  ionoscatter,  meteorscatter, 
field  aligned  scatter,  troposcatter , chaff  or  needles  and  a novel  short  range  from  using  ultra-violet 
radiation.  A summary  is  provided  in  the  form  of  a figure  giving  typical  values  of  the  frequencies  and 
distances  involved)  together  with  the  multipath  and  frequency  spreads  and  typical  scatter  losses.  Each 
type  of  scatter  communication  is  then  discussed  briefly,  though  because  of  the  greater  importance  of 
troposcatter  systems  this  form  is  dealt  with  at  some  length.  It  is  pointed  out  that  troposcatter  predictions 
are  still  subject  to  errors  in  the  path  loss  of  10  dB  or  more,  and  that  a better  knowledge  is  required  of 
the  effect  of  climatic  conditions.  A neglected  type  of  scatter  communication  is  meteor  burst  which  offers 
a simple  solution  to  the  transmission  of  a few  telegraph  channels  for  distances  of  up  to  2000  km. 

The  review  concludes  with  an  outline  of  future  prospects  and  of  the  problems  which  require 
further  investigation. 

1.  INTRODUCTION 

1.1  Scope  of  Review 

Investigations  into  the  scattering  of  electromagnetic  waves  from  irregularities  and  inhomogenities 
tend  to  fall  into  three  different  categories.  These  are  the  study  and  elucidation  of  geophysical  phenomena, 
the  alleviation  of  Interference  between  radio  systems  and  thirdly  the  gathering  of  Information  for  the 
design  of  reliable  and  economic  communication  systems.  These  fields  are,  of  course,  all  inter-related: 
Indeed,  in  practically  all  the  forms  of  scatter  communication  discussed  in  this  review,  it  was  the  unexpected 
discovery  of  scatter  propagated  signals  which  led  to  the  recognition  and  subsequent  investigation  of  the 
geophysical  phenooiena.  Conversely  studies  of  the  phenomena  as  such  have  greatly  helped  to  provide  a 
quantitive  information  for  communication  purposes. 

This  review  concentrates  on  the  conmunication  aspects  of  scatter  phenomena  and  the  various  forms 
under  discussion  are  as  follows: 

1.  Ionoscatter 

2.  Meteor  Bursts 

3.  Field  Aligned  Scatter 

4.  Troposcatter 

5.  Chaff  and  Needles 


6.  Optical  Scattering  by  Aerosols 

Of  the  above,  by  far  the  most  important  in  practice  is  troposcatter  and  therefore  this  form  of 
scatter  communication  will  be  dealt  with  at  greater  length  than  the  others. 

1.2  A Summary  of  Basic  System  Parameters 

The  various  forms  of  scatter  communications  under  review  are  shown  by  the  rectangular  blocks  in 
Fig  1.  These  blocks  have  been  drawn  indicating  the  typical  frequency  ranges  Involved  and  the  typical 
distances  covered  by  each  type  of  scatter  node.  Also  indicated  are  some  typical  values  of  the  scatter 
losses  incurred  and  also  of  time  and  frequency  spreads.  The  losses  quoted  are  those  due  solely  to  the 
scattering  effect  and  are  therefore  additional  to  free  space  losses.  The  magnitude  of  the  free  space 
transmission  losses  can  be  judged  by  the  sloping  dotted  lines  which  are  shown  for  basic  transmission 
losses  of  80  to  160  dB  in  steps  of  20  dB.  At  the  microwave  end  of  the  spectrum  the  increase  in  antenna 
gains  which  are  possible  will  more  than  compensate  for  the  increase  in  transmission  loss  except  for  gains 
above  say  50  dB. 

To  complete  the  picture  some  typical  parameters  of  non-scatter  method  of  coomunication  have  also 
been  included  in  Fig  1,  such  systems  are  Indicated  between  arrows  to  avoid  confusion  with  the  blocked  in 
scatter  systems. 

As  is  to  be  expected,  scatter  systems  only  come  into  question  at  higher  radio  frequencies,  where 
the  wavelengths  are  small  enough  to  be  comparable  to  the  size  of  irregularities  in  the  propagation  medium. 
Thus  the  lowest  frequencies  involved  in  scatter  modes  of  propagation  are  those  at  the  upper  end  of  the 
HF  band.  For  most  purposes  it  can  be  said  that  for  both  ionoscatter  and  meteorscatter  systems  the  lower 
frequency  limit  is  about  30  MHz.  Also  both  modes  Involve  scattering  from  approximately  the  same  altitudes 
namely  80  to  100  km,  with  the  ionoscatter  mode  favouring  the  lower  end  of  this  range. 

However,  there  is  a marked  difference  in  the  rate  at  which  the  signal-to-noise  deteriorates  in 
the  two  cases  as  the  frequency  of  operation  is  increased.  In  the  case  of  ionoscatter,  the  received  signal- 
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to-nolse  ratio  »pproxiMt*ly  as  tha  fifth  power  of  the  frequency,  i.a.  as  whereas  for 

meteorscatter  systems  tha  decrease  la  approximataiy  proportional  to  f“2*^.  This  difference  Is  reflected 
In  Fig  1 by  drawing  tha  upper  frequency  limits  at  SO  NH*  ami  100  HHz  respectively. 

Tha  maximum  range  Is  about  2000  km  for  both  modes  of  ptopagatlon  on  account  of  the  more  or  less 
equal  heights  at  which  scattering  takes  place.  Minimum  ranges  are  determined  essentially  by  the  Increase 
in  scattering  angle  in  the  case  of  lonoscatter,  and  by  tha  reduction  of  the  effective  length  of  an  ionised 
trail  where  meteorscatter  is  concerned.  In  practice  both  modes  and  also  sporadical?  reflections  can  occur 
on  the  same  circuit,  and  this  leads  to  difficulties  In  the  interpretation  of  lonoscatter  statistics  since 
they  would  be  contaminated  by  the  stronqer,  though  intermittent,  siqnals  from  meteorscatter  as  well  as  by 
sporadic-E  reflections  of  various  intensities. 

A problem  which  exists  with  the  longer  ranges  is  to  obtain  antenna  systems  with  an  Appropriate 
low  angle  of  fire.  For  a circuit  length  of  1200  km  this  angle  is  about  S°,  but  for  a 2000  km  circuit  the 
optimum  angle  Is  less  than  1°,  so  that  the  use  of  an  elevated  site  or  very  high  antennas  becomes 
Imperative. 

Although  the  possible  range  covered  by  f ield-al igned  scatter  Is  from  rero  to  well  over  2000  km, 
the  actual  possible  dispositions  of  the  terminals  is  very  limited.  For  these  reasons  the  block  is  shown 
with  dashed  lines  and  the  quail fer  "cone  restrictions'1  added  in  Fig  1. 

Turning  now  to  troposcatter  one  finds  a very  wide  choice  of  frequencies  available.  Theory 
Indicates  that  the  signal  power  should  decrease  inversely  with  frequency,  but  in  practice  the  decrease  is 
usually  less  than  this  and  may  only  be  inversely  proportional  to  the  square  root  of  the  frequency. 

The  maximum  distance  for  a troposcatter  system  Is  limited  by  the  Increase  in  scattering  angle 
and  to  some  extent  by  the  gradual  reduction  in  scattering  efficiency  for  common  volumes  above  the  height 
of  2 km.  Minimum  ranges  are  simply  those  for  which  the  scattering  angle  becomes  r.eto  at  which  point 
llne-of-slght  conditions  prevail.  Before  the  condition  of  zero  scattering  angle  is  reached,  quasi -llne- 
of-slght  conditions  may  occur  If  there  is  appreciable  diffraction  due  to  knife-edge  like  contours  along 
the  transmission  path. 

A narrow  column  on  the  right-hand  side  of  Fig  1 shows  the  region  around  8 GHr  which  was  used  for 
the  "Needles"  scatter  experiment.  This  system,  which  was  later  named  "West  Ford",  used  the  scatter  from 
a belt  of  needle- like  copper  dipoles  placed  in  a polar  orbit  at  a height  of  about  4000  km.  Although  not 
an  unqualified  success  the  system  parameters  are  of  interest  since  extreme  multipath  and  Doppler  spreads 
were  involved.  Indeed  it  was  this  sytem  which  encouraged  further  research  into  the  optimum  processing 
of  such  highly  scattered  siqnals. 

Needles  can  be  regarded  as  a special  case  of  chaff.  Win  le  chaff  is  normally  used  to  deceive 
enemy  radars,  it  can  also  be  used  to  provide  a temporary  scatter  system  of  communication.  Experiments  on 
these  lines  have  shown  the  feasibility  of  such  a technique  and  have  provided  the  necessary  design  data. 

These  experiments  are  described  in  one  of  the  following  sections. 

Finally,  mention  might  be  made  of  recent  investigations  having  been  made  Into  an  entirely  new 
mode  of  electro-magnetic  scat  tor  propagation  namely  that  of  ultra-violet  light  by  aerosols.  Such  systems 
are  essentially  very  short  range,  less  than  about  2 km,  but  offer  communication  posslbi lit ies  around 
obstacles  which  actually  improve  in  the  presence  of  rain.  The  frequencies  to  choose  for  this  type  of 
communication  are  in  the  range  1.1  to  1.3  x 10^  GHr.,  i.e.  in  the  wavelength  range  2 300  to  2800  Angstroms. 
This  represents  the  range  for  which  the  absorption  due  to  osone  is  very  great  so  that  all  extra-terrestrial 
sources  of  noise  are  obliterated. 

With  the  exception  of  the  ultra-violet  system,  Fig  1 provides  a convenient  overall  insight  into 
scatter  systems  as  far  as  propagation  charact erisi tcs  are  concerned.  However , one  should  also  beat  in 
mind  the  noise  levels  which  may  be  encountered  and  this  can  be  done  by  reference  to  Fig  2 which  shows 
noise  levels  over  the  same  frequency  range  as  used  in  Fig  1.  The  need  for  low  noise  level  locations  is 
clearly  high- lighted  by  Fig  2. 

Granted  a low  ambient  noise  level,  it  is  apparent  that  for  t roposcat ter  systems  (whose  frequencies 
are  usually  in  the  range  800  to  5000  MHx)  neither  the  receiver  noise  figure  nor  the  sky  temperature 
increases  much  with  frequency.  Hence  the  resultant  slqnal-to-noise  ratios  are  not  a mark«M  function  of 
frequencies  available  for  this  type  of  communlcat ion . The  worst  situation  which  can  arise  is  if  the  sun  is 
in  the  receiving  beam  and  there  is  considerable  solar  activity.  This  situation  is  1 1 lust  rated  in  Fig  2 
for  an  antenna  gain  of  23  dB  which  corresponds  to  a beam  width  of  about  lb  . Taken  together  Figs  l and 
2 provide  a good  insight  into  the  posslbi l i t ies  offered  by  the  various  scatter  systems.  However  the 
channel  capacities  are  not  necessarily  approximately  equal  to  the  inverse  of  the  t tm«  spread.  This  is 
because  the  system  might  be  intermittent  in  operation,  as  is  the  case  in  meteorscatter,  or  because  the 
system  may  be  using  adaptive  modems . 

1,3  Signal  Characteristics 

Apart  from  the  attenuation  due  to  distance  and  to  scatter  losses,  signals  suffer  distortion  due 
to  spreading  in  time  anti  frequency.  Some  typical  time  and  frequency  spreads  for  the  various  forms  of 
scatter  mechanism  are  indicated  on  Flq  l.  These  spreads  are  normally  measured  between  the  two  sigma  limits. 
In  practice  the  tails  of  the  spreads  may  be  quite  appreciable  as  can  be  seen  from  the  scatter  diagram  for  a 
troposcatter  link  as  shown  in  Fig  3.  This  particular  diaqram  is  based  on  an  example  given  by  Bat  row 
(Ref.  1)  who  describe*  the  result*  achieved  vising  a RAKE  type  receiver  (Ref.  21 


A number  of  adaptive  techniques  are  possible,  one  being  the  vise  of  adaptive  matched  filtering 
based  on  the  correlation  of  the  received  signal  with  a stored  reference  cent inuousl y updated  in  a 
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recycling  delay  line.  This  offers  reasonable  performance  for  only  moderately  dispersive  channels.  For 
strongly  dispersive  channels  the  more  complicated  but  efficient  method  of  adaptive  weighting  of  each  tap 
can  be  used.  This  leads  to  a set  of  waveforms  the  processing  of  which  has  some  common  features  with 
diversity  systems. 

Whether  the  waveforms  concerned  are  derived  from  separate  antennas  (space  diversity),  or  resolvable 
multipaths  (time  diversity),  or  from  non-over lauping  frequency  bands  (frequency  diversity),  the  analysis 
follows  a similar  procedure.  The  various  members  of  the  set  can  be  represented  by  elements  of  a column 
matrix  Z,  in  which  each  element  expresses  a sum  of  the  signal  and  noise  voltages,  i.e.  Z • S ♦ N. 

The  signal  plus  noise  is  put  through  a weighting  filter  represented  by  the  column  matrix  W.  The 
expected  value  of  the  output  is  the  scalar  Zj  where  the  suffix  t denotes  the  transpose.  It  can  readily 

be  shown  that  the  expected  value  of  the  noise  power  is  the  variance 


The  middle  term  is  the  covariance  noise  matrix  which  is  denoted  by  M where 

H - E (N  Nt ) (1.2) 

The  leading  diagonal  gives  the  autocorrelation  terms  whilst  the  remaining  terms  are  the  cross  modulation 
products.  Since  Mt  • M the  covariance  matrix  can  be  diagonalized,  the  diagonal  terms  being  the 
eigenvalues  and  the  column  vectors  of  the  unitary  transform  the  eigenvectors.  This  has  as  its  phys  cal 
equivalent  the  insertion  of  a matrix  between  the  channel  sources  and  the  weighting  filters  which  transforms 
the  problem  into  one  in  which  all  channels  have  equal  uncorrelated  noise  power  components.  Optimum 
combining  then  consists  of  a maximal-ratio  combiner  as  discussed  by  Brennan  (Ref.  3).  Brennan's  proof 
involves  the  use  of  the  Schwartz  inequality  which  enables  one  to  replace  the  square  of  the  sum  of  the  cross 
products  by  the  more  simply  evaluated  product  of-  the  sum  of  the  squares. 

This  optimum  signal-to-noise  ratio  is  given  by 

<V  opt  ■ V1  s*  (1-3> 

This  is  given  hy  maklnq  the  weighting  matrix 

W - K M"1  S*  (1.4) 

where  K is  a non-zero  complex  number  and  the  asterisk  denotes  the  complex  conjugate. 

The  probability  of  error  is  determined  by  the  optimum  Bayes  test  for  detection.  This  test 
expresses  the  a posteriori  probability  of  the  true  message  occurring  conditional  upon  the  received  signal 
having  occurred. 

Since  M is  liable  to  vary  considerably  an  explicit  matrix  inversion  of  M in  real  time  is  often 
not  practical.  Th>  alternative  is  a recursive  relaxation  algorithm  which  simultaneously  estimates  M and 
recursively  computes  W. 

The  above  outline  sketches  the  essential  steps  taken  in  any  form  of  adaptive  combining  of  diversity 
channels.  Practical  versions  can  vary  in  detail  and  are  classified  according  to  the  algorithm  used.  Among 
the  best  known  are  maximum  signal-to-noise  (MSN)  algorithm  (Refs.  4,  5)  and  the  least  mean  square  (LMS) 
algorithm  (Refs.  6,  7). 

2.  IONOSCATTER  COMMUNICATION  SYSTEMS 

2.1  Scatter  From  The  Lower  Ionosphere 

The  possibility  that  radio  waves  might  be  transmitted  via  irregularities  in  the  ionosphere  was 
considered  as  long  ago  as  1913  in  an  article  by  Kennelly  (Ref.  8).  Later  Eckersley  observed  the  scattering 
of  echoes  from  the  lower  regions  in  the  ionosphere,  i.e.  at  heights  of  80  to  90  urn,  and  developed  a 
quantitative  theory  of  such  scattering  (Ref.  9),  Twenty  years  later  Bailey  et  al  (Ref.  10)  reported  on 
the  results  of  experiments  at  50  MHz  over  a 1250  km  circuit.  The  reason  for  the  use  of  the  relatively 
high  frequency  was  to  minimize  the  usual  ionospheric  absorptions,  especially  those  occurring  during  SIDs. 
These  experiments  demonstrate  the  potential  value  of  ionoscatter  to  communications.  Ir  later  years  the 
interest  in  ionoscatter  systems  diminished  on  account  of  its  inefficiency,  i.e.  high  \ .>wers  and  large 
antennas  were  needed  if  a multichannel  system  was  required.  Furthermore  the  performance  in  Arctic  regions 
was  somewhat  disappointing  for  the  reduction  in  blackouts  was  not  as  great  as  had  been  hoped. 

The  design  of  ionoscatter  communication  systems  cannot  be  based  on  any  well  established  formula, 
for  considerable  disagreement  arises  in  the  basic  equations,  as  derived  by  different  authors.  In  all  cases 
the  formula  for  the  ratio  of  the  received  power  PR  to  the  transmitted  power  P^  takes  the  form 


where  f • frequency  of  operation 


fN  ■ plasma  frequency 

r ■ distance  from  common  volume  to  receiver  (or  transmitter) 

0 - scatter  angle 

m and  n ■ exponents  whose  values;  depend  on  the  author. 

In  the  Booker-Gordon  theory  (Ref.  11)  m » 4 and  n ■ 5,  according  to  Eckersley  (Ref.  9)  m - 8 and 

n - 9,  while  Villers  and  Weisskoff  (Ref.  12)  give  values  of  m * 13/3  and  n « 16/3  or  of  m ■ 11  and  n " 12 

depending  on  certain  conditions. 

Experimentally  one  finds  that  n usually  lies  betwen  6 and  8 but  extremes  of  4 and  12  can  occur. 
Marked  variations  in  the  value  of  n occur  not  only  between  different  circuits  but  for  different  seasons 
and  time  of  day,  even  when  the  probable  effect  of  meteors  has  been  allowed  for.  Whatever  the  exact 

relationship  may  be,  the  fact  remains  that  the  scatter  losses  are  appreciable  so  that  high  gain  antennas 

and  powers  in  the  range  of  tens  of  kilowatts  are  indicated. 

2.2  A Transportable  Ionoscatter  System 

In  order  to  reduce  the  power  and  antenna  requirements  SHAPE  Technical  Centre  experimented  with 
a system  restricted  to  only  four  50-baud  telegraphy  channels  (Ref.  13).  To  reduce  the  error  rate  the 
system  employed  ARQ  (automatic  request  for  repetition),  a method  which  had  previously  been  confined  to 
HF  systems.  ARQ  will  reduce  errors  at  the  expense  of  intermittent  operation, ie.  the  effective  data  rate 
will  be  reduced.  However,  the  use  of  diversity  considerably  diminishes  this  loss  as  can  be  seen  from 
Fig  4. 

In  the  no-diversity  case  (curve  I)  the  distribution  function  is  of  the  Rayleigh  type  in  the 
lower  part  of  the  amplitude  ranqe  where  the  signal  is  essentially  due  to  ionoscatter.  In  the  upper 
part,  the  signal  is  constituted  by  meteor  reflections  and  the  curve  bends  upwards  as  shown.  In  a 
conventional  system  where  transmission  is  continuous,  the  sign*.'  is  required  to  be  received  all  the  time, 
or  in  practice  say  99. 9*  of  the  time  corresponding  to  an  error-rate  of  1:10^,  A fading  margin  of  about 
28  dB  between  the  median  level  and  the  minimum  acceptable  level  must  therefore  be  added  to  the  transmission 
loss  when  calculating  the  system  parameters. 

The  use  of  ARQ  introduces  the  possibility  of  reducinq  the  fading  margin.  A reduction  of  the 
fading  margin  from  28  to  8 dB  brings  the  signal  duty  cycle  down  from  99.9%  to  90%  ie.  by  a relatively 
small  amount  because  the  fades  are  of  short  duration. 

If  the  average  capacity  of  traffic  is  to  be  kept  constant,  the  transmission  rate  must  be 
increased  by  a factor  equal  to  the  inverse  of  the  circuit  duty  cycle.  This  however,  requires  widening 
the  channel  bandwidth  and  the  resulting  increase  in  receiver  noise  level  offsets  part  of  the  saving  made 
on  the  fading  margin.  Since  there  is  no  correlation  between  the  signal  fluctuations  on  the  two  opposite 
paths  of  an  ionoscatter  link  because  of  the  difference  in  frequency,  the  circuit  duty  cycle  can  be  taken 
to  be  the  square  of  the  signal  duty  cycle  D and  the  speed-up  factor  is  equal  to  1/D2.  For  a signal  duty 
cycle  of  50%  for  instance,  the  circuit  duty  cycle  is  25%  and  the  speed-up  factor  is  4.  Curve  IV  in  Fig 
4 shews  how  the  transmission  rate  must  be  raised  in  order  to  keep  the  traffic  capacity  constant  when  the 
duty  cycle  decreases. 

It  can  be  seen  that,  as  one  begins  to  reduce  the  fading  margin  and  to  transmit  faster,  the 
saving  increases  more  steeply  than  the  loss  until  a maximum  is  reached  for  a signal  duty  cycle  of  about 
50%.  As  one  carries  on  beyond  that  point,  one  gradually  enters  the  region  where  meteor  bursts  predominate 
over  the  ionoscatter  signal  and  the  distribution  deviates  from  the  Rayleigh  curve.  This  part  of  the  curve 
will  be  considered  in  the  next  section. 

Distribution  functions  for  dual  and  quadruple  diversity  are  also  given  in  Fig  4 (Curve  II  and  III). 
When  diversity  is  applied  at  the  reception,  one  starts  with  a substantial  advantage  over  the  no-diversity 
case  and  the  signal  distribution  follows  a less  steep  curve. 

Fig  5 illustrates  the  power  saving  as  a function  of  duty  cycle.  The  curves  shown  have  been 
derived  from  the  previous  figure  by  determining  the  difference  in  dB  between  curves  I,  II  and  III  on  the 
one  hand  and  curve  IV  on  the  other.  Starting  from  the  left  end  of  the  diagram  (continuous  transmission), 
a first  maximum  is  found  for  a circuit  duty  cycle  of  about  40%  in  the  no-diversity  case.  It  corresponds 
to  a power  saving  of  22  dB.  When  diversity  is  used,  this  maximum  occurs  earlier  and  is  not  so  pronounced. 
Continuing  towards  lower  duty  cycle  values,  the  curve  bends  upwards  and  rises  steadily  in  the  region 
applicable  to  meteor  burst  propagation. 

The  STC  ionoscatter  system  has  a speed-up  factor  of  about  1.1  and  therefore  needs  a circuit  duty 
cycle  of  90%.  It  uses  eight-fold  diversity  and  the  conditions  in  which  it  works  are  approximately  those 
of  the  first  maximum  of  Fig  5. 

2.3  Two  Examples:  A Transportable  and  a Fixed  System 

The  following  Table  gives  the  main  parameters  of  the  STC  system  and  the  corresponding  parameters 
of  a more  conventional  ionoscatter  system. 
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Table  1 

Two  Examples  of  lonoscatter  Systems 


Circuit 

Toulon  - The  Hague 

Naples  - Izmir 

Length  (km) 

1000 

1170 

Frequencies  tMHs) 

40 

33  and  48 

Transmitter  (kti) 
power 

b 

60 

Antennas 

Double  5-element  Yagis 

Corner  reflectors  with 

6 full-wave  elements 

Antenna  gains  (db) 

Transmitting 

13 

23 

Receiving 

13 

23 

Diversity 

Height 

Space 

Space 

In-band  Frequency 

Frequency 

No  of  channels 

Telegraphy 

4 

16 

Voice 

- 

1 

% Reliability 

99.9 

94  - 97 

at  Error  Rate  of 

1 in  3000 

1 in  3000 

Other  features 

Uses  ARQ 

Reliability  - 99.9%  with 

4 telegraphy  channels  only 

The  difference  In  equipment  is  considerable  both  as  regards  transmitter  powers  and  antenna 
sizes.  However  where  reliabilities  of  99.9%  are  concerned  exact  comparisons  cannot  readily  be  made  on 
account  of  the  statistical  rareness  of  events  leading  to  loss  or  severe  degradation  of  signals.  As  an 
example  of  the  variability  of  such  statistics  in  one  direction  the  Naples-Izmir  circuit  gave  a 99.9% 
reliability  with  as  many  as  16  channels. 

3.  METEOR  BURST  SYSTEMS 

3.1  Reflections  from  Meteor  Trails 

Recordings  of  the  received  signal  on  lonoscatter  links  show  irregularly  spaced  bursts  of 
augmented  signal  strength  whose  durations  are  of  the  order  of  1 sec.  These  are  due  to  reflections  from 
the  ionized  trails  left  by  meteors  as  they  pass  through  the  atmosphere  in  the  region  80  to  120  km  high. 

Because  of  the  intermittent  and  peaky  nature  of  these  signals,  it  is  usual  to  refer  to  "meteor  bursts" 
and  to  systems  using  this  phenomenon  as  "meteor  burst  systems"  - it  is  not  implied  that  the  meteor  itself 
is  bursting  though  it  most  undoubtedly  is  being  worn  away. 

As  would  be  expected,  the  variability  of  the  signal  powers  reflected  from  the  ionized  trails 
caused  by  meteors  is  much  greater  them  the  variability  arising  in  lonoscatter  systems.  However,  the 
stronger  signals,  though  few  in  number,  are  appreciably  stronger  than  the  corresnondlng  lonoscatter  signals 
and  this  fact  is  indicated  in  Fig  1 by  attributing  a typical  scatter  loss  for  the  meteor  case  which  is  lower 
by  20  dB.  Therefore  systems  using  such  ionized  trails  can  operate  at  lower  power  levels  and  lower  antenna  < 
gains  than  an  lonoscatter  system  over  the  same  route.  The  penalty  that  has  to  be  paid  is  that  reception 
is  intermittent  with  duty  cycles  which  could  be  as  low  as  one  percent.  This  point  was  illustrated  in  the 
curves  of  Fig  4 where  it  can  be  seen  that  if  a duty  cycle  of  only  1%  can  be  tolerated  then  a gain  of  some 
20  dB  results  with  respect  to  the  median  value  of  the  equivalent  lonoscatter  case. 

Explicit  expressions  can  be  obtained  for  the  reflected  power  from  meteor  trails.  These  divide  into 
two  groups  according  to  whether  or  not  the  reradiated  energy  is  from  electrons  which  are  close  enough  for 
secondary  scattering  to  be  appreciable.  For  trails  of  sowll  radius  the  dividing  line  occurs  for  an  electron 
line  density  of  about  2 x 10^'  electrons  per  metre.  Below  this  density  the  trails  are  classified  as 
"underdense"  and  the  effect  is  a pure  scattering  phenomena,  while  higher  densities  are  tensed  "overdense" 
and  the  operative  behaviour  corresponds  to  reflection  at  the  surface  of  the  trail. 

Underdense  trails  cause  a sharp  rise  in  signal  strength  followed  by  an  exponential  decay,  whilst 
the  overdense  condition  leads  to  slower  rises  and  a temporary  persistence  of  the  signal  before  rapid  decay 
sets  in.  Because  of  the  distinct  nature  of  each  burst  of  signal  it  has  been  argued  that  neither  space  nor 
frequency  diversity  are  of  value  in  meteorscatter  communication.  However  this  ignores  the  fine  structure 

of  the  tails  of  the  signals.  By  making  use  of  the  diversity  which  exists  in  the  tails  it  is  actually  possible 
to  double  the  duty  cycle.  An  example  of  the  diversity  obtained  in  the  tails  of  a meteor  burst  system  is 
given  in  Fig  6.  For  an  underdense  trail  the  transmission  equation  can  be  expressed  asi 
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(3.1) 


Except  for  the  two  terms  Aj  anti  AjU)  the  equation  resembles  the  well-known  tadar  equation  when  the 
distances  to  the  transmitter  and  receiver  are  equal. 


Aj  and  A2(t)  are  two  attentuation  factors  which  are  equal  to  unity  for ; zero  trail  radius  and  zero 
time  respectively.  Both  vary  exponentially  according  to  the  factor,  exp  (-1* sec'  if) where > is  the  angle  of 
of  Incidence  at  the  trail.  Fig  7 shows  the  transmission  loss  as  given  by  equation  (i.l)  for  three  different 
frequencies  assuming  unity  antenna  gains.  Since  in  practice  it  is  easier  to  obtain  gain  at  the  higher 
frequencies  - especially  where  low  angles  of  fire  are  concerned  - the  favoured  frequency  range  for  meteor- 
scatter  is  30  to  40  MHz.  However,  as  one  of  the  companion  papers  will  show  both  higher  and  lower 
frequencies  have  their  applications.  Experimental  circuits  have  typically  used  frequencies  between  10  to 
40  MHz  and  circuits  about  1000  to  1500  km  long. 


A good  example  was  a system  called  COMET  which  was  operated  by  STC  over  a 1000-km  path  between 
La  Crau  in  Southern  France  and  Staaldulnen  in  Holland.  This  is  described  in  Ref.  14.  COMET  was  also  tested 
operationally  over  an  850  km  path  between  Oslo  and  Bod4  in  Northern  Norway.  This  path  was  a difficult  one 
being  largely  in  the  auroral  zone.  An  average  capacity  of  two  50-baud  encrypted  telegraph  circuits  was 
obtained  with  character  error  rates  generally  below  10~4.  COMET  incorporated  two  features  which  were  new 
to  meteor  burst  systems,  namely  the  use  of  diversity  and  of  ARQ. 


Meteor  burst  trails  carried  out  in  Canada  showed  that  even  at  100  MHz  blackouts  could  occur  IRef. 
15)  though  at  this  frequency  the  number  of  blackouts  in  18  months  was  only  3 and  the  total  time  involved 
being  7 hours.  It  is  worth  noting  that  experience  at  HF  has  shown  that,  for  a given  qeomagnetic  latitude, 
the  blackouts  experienced  in  Canada  exceed  those  in  Norway.  One  would,  therefore,  expect  a better 
performance  in  Norway  on  meteor  burst  links  at  the  same  geomagnetic  latitude. 


On  the  experimental  side,  much  remains  to  be  done  to  determine  the  frequency  and  direction  of 
suitable  meteors  at  different  latitudes  over  different  distances.  No  worldwide  data  on  the  distribution 
of  meteors  are  available  although  some  data  exists  over  parts  of  Canada,  the  United  States,  Germany,  Italy 
the  United  Kingdom,  Australia  and  New  Zealand.  It  is  estimated  that  the  data  available  may  be  adequate 
for  the  prediction  of  the  performance  of  meteor  burst  systems  to  within  10  dB,  but  this  has  not  yet  been 
demonstrated. 


From  an  applications  point-of-view,  the  following  possibilities  exist  for  meteor  burst  communication: 


(1) 


Telegraphy  communications  over  medium  distances  of  say  500  to  2000  km  using  powers 
of  a few  kilowatts.  The  operating  frequency  could  be  in  the  range  30  to  40  MHz, 
though  for  military  purposes  70  MHz  would  be  better,  while  for  Arctic  conditions 
100  MHz  should  be  given  consideration. 


(11) 


The  relaying  of  Information  from  sensors  where  the  information  rate  is  low. 
simple  systems  would  then  suffice. 


Very 


(Hi)  Order  wire  circuits  In  conjunction  with  HF  systems.  For  this  purpose  frequencies 
in  the  top  half  of  the  HF  range  would  be  appropriate.  In  most  cases  no  extra 
antenna  system  would  be  required. 


(iv) 


Ground-to-air  communication  over  large  stretches  of  the  ocean  when  delays  are  not 
so  Important.  Frequencies  in  the  region  of  70  MHz  suggest  themselves  for  this 
purpose. 


As  far  as  equipment  is  concerned,  the  progress  which  has  been  made  in  storage  and  processing 
techniques  is  so  great  that  a modern  version  of  systems  like  the  COMET  would  be  far  smaller  and  more 
reliable.  Only  the  antenna  systems  would  remain  unchanged  though  even  here  an  improved  knowledge  of  the 
hot-spots  might  lead  to  better  designs. 


4. 


FIELD  ALIGNED  SCATTER  SYSTEMS 


Some  fifty  years'  ago  It  was  suggested  that  the  ionosphere  could  be  heated  by  the  use  of  a 
powerful  transmitter  operating  at  a frequency  close  to  the  gyro- frequency.  However  the  required  frequency 
Is  so  low  that  the  antenna  systems  needed  would  be  prohibitively  large  and  expensive.  By  making  use  of 
deviation  absorption  to  cause  heating,  a much  higher  frequency  can  be  used  to  modify  the  electron  temperature, 
for  the  plasma  frequency  of  the  F layer  can  be  as  high  as  10  MHz.  It  was  found  that  significant  changes 
are  caused  with  transmitter  powers  of  only  160  kw  and  an  antenna  consisting  of  crossed  dipoles  i.e.  a power 
aperture  product  of  about  100  MW  m2.  However,  most  of  the  experimental  work  done  so  far  used  the  full  output 
of  1.9  MW  of  the  transmitter  at  Plattevllle,  Colorado  with  the  associated  antenna  giving  qains  of  19  dB  in 
the  HF  band  (Ref.  16) 


From  a communications  polnt-of-vlew  the  most  significant  of  these  changes  is  the  formation  of  field 
aligned  Irregularities  which  consist  of  filaments  of  Increased  ionisation  (the  increase  is  of  the  order  of  1%) 
aligned  with  the  earth's  magnetic  field.  These  strlatlons  in  the  electron  density  pattern  owe  their  existence 
to  the  fact  that  in  a colllslonal  plasma,  parametric  instabilities  occur  at  levels  which  are  many  orders  of 
magnitude  below  those  in  a collisionless  plasma.  Non-linear  coupling  between  the  electromagnetic  heating 
frequency  and  the  electrostatic  plasma  frequency  produces  density  fluctuations  by  ohmic  heating. 


The  irregularities  are  capable  of  scattering  incident  electro-maqnet lc  radiation  at  frequencies 
ranging  from  HF  to  UHF.  Although  such  field  aligned  scattering  (FAS)  can  provide  communications  over  ranges 
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from  zaro  to  wall  ov«r  2000  km,  it  is  highly  aspect  sensitive,  so  that  communications  via  FAS  is  limited  to 
certain  zones.  This  feature  has  both  advantages  and  disadvantages  depending  on  the  application. 


depend  on: 


From  the  above  it  is  evident  that  the  communications  utilizing  the  field-aligned  scatterers  would 

(1)  direction  and  magnitude  of  the  magnetic  field  in  the  disturbed  ionospheric  region. 


(2)  transmitter  and  receiver  locations. 

(3)  size  of  the  modified  ionospheric  volume 

(4)  altitude  of  the  modified  ionospheric  volume. 

(5)  ionospheric  electron  density  profiles  in  the  path  between  the  transmitter,  the  modified 
lnonospheric  volume, and  the  receiver. 

All  these  factors  are  involved  in  the  limitations  Imposed  by  the  aspect  sensitivity.  A global  map 
showing  the  areas  which  cannot  be  covered  is  given  in  Ref,  17.  The  map  assumes  the  heater  induced 
irregularities  are  at  a typical  height  for  the  F layer.  In  the  North  Hemisphere  the  areas  over  which 
reception  is  not  possible  include  the  whole  of  Canada  and  Europe  north  of  the  Alps.  Figs.  8 (a)  and  (b) 
show  two  examples  of  the  type  of  coverage  offered  in  the  Mediterranean  at  two  different  cloud  heights  each 
for  four  different  positions  of  heating  transmitter  in  the  Adriatic  region  and  a communications  transmitter 
in  Spain.  The  four  loci  of  reception  shown  in  each  case  represent  perfect  mirror  reflection.  In  practice 
reception  is  possible  over  a region  corresponding  to  deviations  from  mirror  reflection  of  up  to  a degree  or 
two.  Even  allowing  for  this  spread  it  is  clear  that  if  the  cloud  height  were  to  increase  by  natural  causes 
from  240  to  260  km  a given  region  may  no  longer  be  covered.  Even  bigger  differences  can  arise  if  the 
frequency  is  changed  since  the  effects  of  refraction  must  be  taken  into  account.  Thus  a change  of  frequency 
to  30  MHz  would  result  in  a substantially  different  coverage  at  the  extremes  of  the  zones. 

A practical  communications  system  would  therefore  have  to  use  a judicious  mixture  of  ionospheric 
predictions  plus  real  time  computer  control. 

As  far  as  the  actual  received  signal  strength  is  concerned  extensive  measurements  have  shown  that 
typical  signals  have  a strength  corresponding  to  scattering  cross  sections  of  some  40  to  80  dB  above  1 sq. 
metre.  Fig  9 Is  from  Ref.  18  and  shows  the  variation  of  the  minimum  echoing  area  with  frequency  for 
experimental  circuits  of  about  2000  km  length  from  Texas  to  California  using  the  heating  transmitter  at 
Plattville,  Colorado.  The  values  indicated  were  for  a power  of  1,7  MW  from  the  Plattville  transmitter  and 
an  antenna  gain  in  the  vertical  direction  of  19  dB,  If  the  heater  power  is  decreased  the  echoing  area  tends 
to  decrease  in  roughly  the  same  proportion. 

The  diurnal  variation  of  the  echoing  area  is  shown  in  Fig.  10  for  a frequency  of  35  MHz.  At  higher 
frequencies  the  diurnal  variations  of  both  the  peak  and  median  values  are  reduced  and  become  more  nearly  equal. 

Knowing  the  effective  echoing  area  it  is  a simple  matter  to  calculate  the  received  signal  using  the 
radar  equation.  As  an  illustration  we  may  take  the  not  untypical  case  in  which  the  distance,  R.  between 
transmitter  and  receiver  is  approximately  equal  to  R^  ♦ R^  where  R^  and  R^  are  the  paths  to  and  from  the 
cloud,  and  there  R^  and  R^  are  roughly  equal.  The  transmission  loss  is  then  given  by: 

i«.wi  >0 

PT  R4 

' ^tGr  “ >•  — 7 0 «.n 

4*R  hr2 

Where  G ■ transmitting  and  receiving  antenna  gains  respectively 
T , R 

o - echoing  area 

The  bracketed  term  In  equation  (4.1)  represents  the  free  space  loss  and  the  following  two  terms 
the  extra  loss  due  to  scattering.  Let  us  assume: 

R - 2 x 106m 

f - 60  MHz 

Gr  . 18  dB 


- 1.5  kW 


Then  in  terms  of  decibels  equation  (4.1)  gives: 


18  - 134  - 125  + 60  « 181  dB  and  PR  - - 149  dBW 
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Assuming  the  dominant  noise  is  of  comsic  origin  then  Fig  2 gives  a noise  figure  of  iO  dB  re  T at 
60  MHz.  Thus  the  slgnal-to-nolse  ratio  in  a 3 kHz  bandwidth  would  be  10  dB.  ° 

It  is  of  Interest  to  note  that  over  a path  of  this  length,  having  the  same  transmitter  power, 
receiver  bandwidth  and  antenna  gains  as  stipulated  above,  signal-to-nolse  ratios  of  10  to  15  dB  were 
obtained  using  a heater  power  at  Plattville  of  only  160  kw  and  a pair  of  crossed  dipoles  for  the  antenna 
(Ref.  19).  These  experiments  were  performed  at  frequencies  of  30  and  50  MHz,  the  inferred  echoing  cross 
section  being  of  the  order  of  65  dB  sqm. 

From  the  measured  results  of  radar  cross-section  as  a function  of  frequency  Rao  and  Thome  iRef.  20) 
have  calculated  the  density  of  the  field  aligned  striations  using  a weak  scattering  model  developed  by 
Booker  (Ref.  21)  for  auroral  zone  propagation  from  the  field  aligned  irregularities  which  can  occur  naturally 
in  such  regions.  The  results  indicated  that  the  striations  consisted  of  patches  whose  electron  density  had 
been  augmented  by  same  1%  above  the  ambient  value  when  using  the  full  heater  power  of  1.9  MW.  The  region 
over  which  such  striations  occurred  was  about  100  km  in  diameter  horizontally  for  the  antenna  system  in 
question  and  had  an  estimated  depth  of  15  km.  The  authors  concluded  that  the  width  of  the  reception  zones 
would  be  more  a matter  of  the  dimensions  of  the  cloud  of  Irregularities  than  of  the  sensitivity  to  aspect. 

As  would  be  expected,  the  short  term  signal  fluctuations  follow  a Rayleigh  distribution.  In  order 
to  combat  the  fading  antenna  spacings  of  at  least  5 wavelengths  are  required.  Polarization  diversity  can  be 
obtained  since  the  amplitude  correlation  coefficients  of  signals  from  collocated  cross-polarized  antennas 
are  in  the  range  0.3  to  0.5.  Frequency  diversity  requires  only  a modest  spacing  in  frequency,  since 
correlation  bandwldtha  in  the  range  30  to  60  MHz  are  about  3 KHz  in  the  day  and  only  about  1 KHz  at  night 
(Ref.  18).  Doppler  shifts  at  50  MHz  are  about  1 to  2 Hz  in  the  daytime  and  two  to  three  times  as  great  at 
night  when  the  shifts  are  more  nearly  proportional  to  frequency. 

Although  the  foregoing  resume  refers  only  to  FAS,  two  other  forms  of  scatter  phenomena  also  occur 
when  the  ionosphere  is  irradiated  with  a powerful  transmitter.  These  are  plasma-line  scatter  (PbS)  and 
ion-acoustic  scatter  (IAS).  However,  in  both  these  cases  the  return  frequency  is  no  longer  the  same  as  the 
incident  frequency.  In  the  case  of  PLS  the  scattered  signals  appear  as  a pair  of  sidebands  to  the 
transmitted  frequency  displaced  by  an  amount  equal  to  the  heater  frequency.  For  IAS,  unlike  FAS  and  PLS,  the 
relevant  irregularities  are  aligned  more  or  less  perpendicular  to  the  geomagnetic  field.  The  response  Is 
only  to  a selected  frequency  and  results  in  two  widebands  displaced  by  a few  hundred  hertz  from  the  carrier 
frequency,  each  sideband  having  a Doppler  spread  of  about  40  Hz.  At  present  there  would  appear  to  be  no 
communications  application  of  either  PLS  or  IAS.  In  the  case  of  IAS  the  extreme  weakness  of  the  signals 
received  would  seem  to  rule  out  Bll  practical  applications. 

The  future  of  FAS  as  far  as  communications  are  concerned  is  difficult  to  assess,  but  it  might  well 
have  special  military  applications  since  the  heater  could  be  switched  on  and  off  at  will.  In  this  respect 
it  may  be  noted  that  a period  of  a few  seconds  Is  required  for  the  build-up  of  FAS  and  a similar  time  is 
taken  for  its  decay.  Both  build-up  and  decay  are  shorter  for  higher  frequencies,  which  is  presumably  due 
to  the  more  rapid  initiation  and  decay  of  the  smaller  sized  scatterers.  A point  which  could  be  of  practical 
Importance,  is  the  fact  that  peak  heater  power  rather  than  average  power  is  the  more  significant  variable 
(Ref.  18).  Using  a repetition  frequency  of  33  pps  and  duty  cycles  of  either  50%  or  25%,  much  the  same  result 
was  obtained  as  with  continuous  radiation  of  the  same  peak  power. 

5.  TROPOSCATTER  SYSTEMS 

5.1  General 

During  the  early  days  of  Radar  there  were  many  incidences  of  radar  signals  being  occasionally 
reflected  from  objects  well  beyond  the  radio  horizon.  These  cases  could  be  explained  by  super-refraction 
producing  radio  ducts  in  the  atmosphere.  Experiments  made  after  the  war  showed  that  beyond  the  horizon 
signal  levels  existed  which,  though  not  as  powerful  as  ducted  signals,  were  well  in  excess  of  the  levels 
that  could  be  accounted  for  by  diffraction.  These  signals  were  explained  by  scattering  from  the 
Irregularities  which  exist  in  the  troposphere,  and  their  average  intensity  is  sufficiently  high  to  provide 
communication  links.  Present  troposcatter  systems  provide  a capacity  of  up  to  say  120  voice  channels  which 
compares  favourably  with  the  capacity  of  the  other  modes  of  scatter  propagation.  Indeed,  judged  solely  by 
the  number  of  circuits  in  operation  troposcatter  is  by  far  the  most  Important  form  of  scatter  communication. 

The  wide  range  of  frequencies  and  the  useful  distances  covered  by  troposcatter  links  is  apparent 
in  Fig  1.  The  shorter  ranges,  i.e.  distances  in  the  region  of  50  km  and  just  above,  fall  in  an  Intermediate 
region  where,  depending  on  the  details  of  the  path  profile,  links  might  make  use  of  diffraction  to  compensate 
for  non-line-of-sight  conditions. 

A good  insight  into  the  merging  of  LOS  conditions  into  troposcatter  is  afforded  by  the  curves  shown 
in  Fig  11.  Most  of  the  points  shown  in  this  figure  come  from  Ref.  22,  but  some  have  also  been  deduced  from 
Ref.  23.  It  will  be  seen  that  the  fading  range  settles  down  to  a Raylelqh  distribution  as  the  scatter 
angle  exceeds  about  0.7  degrees.  Over  a smooth  earth  and  for  low  antenna  heights  this  would  correspond  to  a 
distance  of  about  100  km.  The  losses  at  the  optical  horizon  of  25  to  30  dB  agree  with  calculations  based  on 
the  method  of  Domb  and  Pryce  (Ref.  24). 

Due  to  the  high  scatter  loss,  troposcatter  links  require  large  antennas,  high  transmitter  powers 
and  frequency  coordination  areas  which  are  considerably  greater  than  those  for  line-of-sight  radio  relay 
systems.  An  example  is  shown  in  Fig.  12  for  a 330  km  tropospheric  scatter  link  and  an  equivalent  chain  of 
six  LOS  links.  Although  there  is  not  much  difference  between  the  two  systems,  as  far  as  the  efficiency  of 
frequency  usage  (coordination  area  times  the  number  of  frequencies  used)  is  concerned,  the  larger  area  for 
the  troposcatter  system  would  complicate  the  frequency  coordination  procedures,  particularly  in  Europe  where, 
several  countries  may  be  affected. 


Although  the  channel  capacity  of  troposcatter  systems  is  large  compared  with  other  scatter  systems, 
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in  many  cases  it  is  not  sufficent  for  civil  transmission  links.  Because  of  this  and  for  the  reasons  given 
in  the  previous  paragraph  the  use  of  troposcatter  systems  is  limited  to  military  applications  and  to  cases 
where  suitably  spaced  relay  stations  cannot  be  provided,  e.g.  if  communications  are  requird  to  be  over 
water  or  over  territory  which  for  political  reasons  is  inaccessible.  A recent  example  of  the  former  is  the 
provision  of  troposcatter  cooaiuicatlons  to  British  oilrigs  in  the  North  Sea. 

While  ox>st  existing  troposcatter  links  employ  FDM/FM  modulation,  the  development  of  high  speed 
digital  transmission  techniques  for  LOS  and  satellite  communicat ions  has  recently  led  to  an  interest  in 
considering  simi'ar  techniques  for  troposcatter  channels.  This  interest  is  heightened  by  the  need  for 
encryption  and  the  desire  to  Intergrate  troposcatter  sytems  into  largers  digital  nets.  Due  to  the  fading 
and  diaper  live  nature  of  the  troposcatter  channel,  however,  igh  speed  digital  transmission  over  such 
channels  is  more  difficult  than  for  LOS  or  satellite  and  generally  requires  the  use  of  adaptive  receiver 
techniques . 


S.2  Path  Loss  Calculations 

Several  methods  have  been  devised  for  calculating  the  path  loss  from  data  such  as  path  profile, 
climatical  information  and  surface  refractive  index.  A con*>arison  of  the  accuracy  of  five  such  methods 
was  made  by  Larsen  (Ref.  25)  using  experimental  data  from  fifteen  different  links.  Surprisingly  enough 
the  method  showing  the  least  r.m.s.  errors  was  a graphical  one  which  did  not  include  any  climatic  factors. 
However  the  most  widely  used  methods  are  those  by  NBS  (Ref.  26)  and  CCIR  (Ref.  27) . The  OCIR  method  is  in 
fact  based  on  the  NBS  method  but  is  easier  to  use. 


30  log  f -20  log  d - F (0d)  - V (de)  -Gp  dB 


The  CCIR  formula  for  the  long-term  median  transmission  loss  is  as  follows: 

L (50) 

f • carrier  frequency  in  MHz 
d - distance  in  km 

F(0d)  ■ the  tropospheric  attenuation  function 
0 - scatter  angle  in  radians 

V(de)  - a climatic  factor  which  is  a function  of  the  effective  distance  de 
Gp  - the  realized  combined  gain  of  the  antennas 


(5.1) 


The  function  F(0d)  is  based  on  the  NBS  report  and  is  given  in  a graphical  form  parametric  in  W>t  the  surface 
refractivity . For  example  for  N ■ 301  the  values  of  F(0d)  are  140,  173  and  224  for  0d  products  of  1,  10  and 
100  respectively.  These  high  attenuation  values  allow  for  distance  as  well  as  scatter  angle  so  that  the 
purely  distance  term  in  equation  (11)  is  actually  negative.  A formula  by  Yeh  (Ref.  28)  - which  came  second 
best  in  the  comparisons  made  by  Larsen  (Ref.  25)  - keeps  the  0 and  d functions  separate  and  therefore  his 
20  log  d term  is  positive. 


The  climatic  factor  Vtde)  is  a.lso  expressed  graphically;  in  this  case  foi  nine  different  types  of 
climate.  For  values  of  below  100  km  the  climatic  factor  is  -*ro,  but  for  appreciably  longer  distances 
this  factor  can  have  values  of  up  to  ± 8 dB  depending  on  the  climate.  The  "effective  distance"  in  this 
context  is  a function  of  both  the  actual  distance  and  of  the  antenna  heights  with  respect  to  their  foregrounds. 


Clearly  a good  deal  of  adjustment  has  gone  into  the  derivation  of  equation  (5.1)  which  has  a 
distinctly  contrived  look. 

The  realized  gain  of  the  antennas  is  given  by  the  sum  of  the  transmitter  and  receiver  antenna  gains 
minus  the  so-called  "antenna- to-medium  coupling  loss".  No  exact  expression  for  this  coupling  loss  exists; 
the  CCIR  formula  for  Gp  is  semi -empirical  and  is  given  by 

Gp  - Oj  ♦ Gr  - 0.07  exp  [0.055  (Gp  + Gj^  dB  (5.2) 

The  coupling  loss  amounts  to  about  10  dB  for  antennas  whose  gain  is  45  dB  (i.e.  if  Gt  ■ Gp  ■ 45  dB) . 
So  unless  the  antenna  gains  are  exceptionally  large,  errors  in  the  prediction  of  the  antenna- to-medi um 
coupling  loss  will  not  affect  the  prediction  of  the  transmission  loss  to  any  marked  extent. 


Statistical  variations  in  the  transmission  loss  are  taken  into  account  in  the  CCIR  method  by  the 
following  expression 


Mp> 

- L( 50)  - Y (p)  dB 

(5.3) 

where 

L(p) 

V(p) 

- transmission  loss  for  a given  percentage  of 

■ function  of  distance  and  climate  obtainable 

time , p 

from  graphs 

CCIR  also  given  an  estimate  of  the  standard  error  of  prediciton,  for  any  percentage,  p,  of  the 
time.  The  formula  is 


<P>  “V13  ♦ 0.12  Y2(p)  dB  (5.4) 

According  to  this  formula  the  standard  error  of  prediction  amounts  to  3.6  dB  for  the  long-term 
median  path  loss,  but  car  be  a s high  as  14  dB  if  p is  given  the  high  value  of  99.99%. 


j 


Table  2 


Table  3 


An  extensive  comparison  between  measured  path  loss  and  path  loss  calculated  using  the  NBS  method 
has  been  reported  by  Longley  et  al  (Ref.  29).  On  the  279  scatter  paths  evaluated  by  these  authors  the 
measured  long-term  median  path  loss  was  on  the  average  4 dB  higher  than  predicted,  i.e.  the  mean  prediction 
error.  A,  of  the  median  path  loss  was  4 dB.  The  standard  deviation,  of  the  prediction  error  was  6.5 
dBj  this  relatively  large  value  of  the  standard  deviation  was  attributed  to  the  short  period  of  measurement 
on  some  of  the  links. 


However,  similarly  high  values  for  the  standard  deviation  have  been  obtained  by  Larsen  (Ref.  25) 
from  a comparison  on  15  links  and  by  STC  from  measurements  on  seven  links  which  form  part  of  the  so-called 
ACE-HIGH  system  in  Europe  (see  Fig.  13) . In  the  latter  case,  signal  recordings  were  made  continuously  for 
more  than  a year  and  surface  refractive  index  was  measured  at  all  stations.  The  details  of  these  measure- 
ments are  given  in  a companion  paper  (Ref.  30).  A comparison  of  calculated  and  measured  values  of  the 
median  transmission  loss  is  shown  in  Table  2 below. 


Calculated  and  Measured  Values  of  the  Median 
Transmission  Loss 


SfflS 

lccir 

L 

IQ 

L -L 

NBS  m 

L -L 

CCIR  m 

1.  Shetland- Sola 

no 

125 

130 

0 

-5 

2.  Emden-M.Gladbach 

125 

125.5 

126 

-1 

-0.5 

3.  Paris  N.  - M.Gladbach 

127 

126.5 

125 

♦ 2 

+1.5 

4.  Athens- Izmir 

125 

126.5 

115 

+10 

+11.5 

5.  Eskisehir- Izmir 

133 

123.5 

117.5 

+15.5 

+6 

6.  Athens-Kefallinia 

125 

118 

117 

+8 

+ 1 

7.  Catanzaro-Kefallinia 

121 

117 

108 

+13 

+9 

In  most  cases  the  measured  transmission  loss  was  lower  than  that  calculated  by  either  the  NBS  or 
CCIR  methods.  The  greater  differences  between  measured  and  calculated  results  occurred  on  links  4 to  7, 
all  of  which  are  located  in  the  Mediterranean  area.  For  these  climate  type  5,  i.e.  Mediterranean,  of  Ref. 
27  should  have  been  used.  Unfortunately  no  curves  are  available  for  this  climate  and  the  predictions  had 
to  be  based  on  the  curves  given  for  "Maritime  Temperate"  climate.  This  may  account  for  some  of  the 
discrepancies. 


The  mean  and  the  standard  deviation  of  the  prediction  error  for  the  median  path  losses  and  for 
the  99.9%  values  are  shown  in  Table  3 together  with  results  given  in  Refs.  25  and  29. 


Median  and  Standard  Deviation  of  Prediction  Error 


Median  path  loss 


A (Calc,  -meas.) 


Path  loss  not  exceeded 
for  99.9% 

i I a. 


(dB) 

(dB) 

Longley 

NBS 

-4.0 

6.5 

(Ref.  29) 

Larsen 

NBS 

-4.0 

7.2 

(Ref.  25) 

CCIR 

-4.5 

7.0 

STC 

NBS 

6.8 

6.5 

(ACE  HIGH) 

CCIR 

3.4 

5.8 

A (Calc,  -meas.)  A 
(dB) (dB) 


It  is  interesting  to  note  that  there  is  little  difference  in  the  standard  deviations  of  the 
prediction  error  for  the  median  path  loss.  This  value  ranges  from  5.8  to  7.2  dB  which  is  distinctly 
higher  than  the  predicted  values  of  3.6  dB.  As  expected,  the  standard  deviation  of  the  prdiction  error 
for  the  99.9%  value  is  higher  than  that  for  the  median  value,  for  the  STC  measurements  the  difference  is 
about  2 dB. 


None  of  the  results  presented  above  is  very  encouraging  to  an  ongineer  who  is  faced  with  t-he 
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task  of  designing  a particular  troposcatter  link.  Assuming  that  a service  probability  of  90%  is  desired, 
the  uncertainties  involved  amount  to  some  10  dB  (1.3  o - see  Table  3).  In  some  cases  additional  uncertainties 
ma>  arise  because  of  path  profiles  which  might  or  might  not  support  propagation  by  knife-edge  diffraction,  or 
for  paths  along  coastal  areas  where  different  types  of  climate  could  be  assumed  in  the  calculations.  For 
example,  in  1971  it  was  planned  to  install  a troposcatter  link  between  Lisbon  and  Gibralter  (440  km) . There 
were  two  types  of  climate  (Ref.  27)  which  could  be  applied  with  almost  equal  justifications: 

Type  6 : Continental  temperate 

Type  7a:  Maritime  temperate,  overland 

The  difference  in  predicted  path  loss  for  the  applicable  percentage  of  time  was  about  10  dB,  resulting  in 
estimates  for  the  required  transmitter  power  of  25  kw  for  climate  type  7a  but  only  of  3 kW  for  climate  type 
6!  A third  possibility,  namely  the  assumption  of  a "Mediterranean"  type  climate,  was  not  evaluated  due  to 
lack  of  information. 


The  question  arises  whether  the  predictions  of  the  path  loss  statistics  can  be  improved  by  taking 
into  account  more  details  of  the  meteorological  conditions.  For  instance,  a high  correlation  between 
surface  refractive  index  and  montly  median  transmission  loss  was  observed  during  the  STC  measurements 
(Ref.  30)  on  those  links  where  sufficient  meteorological  data  were  available.  However,  a large  spread  in 
the  slopes  of  the  regression  lines  was  also  found,  so  that  in  fact  reliable  predictions  of  the  monthly 
median  transmission  loss  from  the  surface  refractivity  would  not  be  possible.  Larsen's  (Ref.  25)  analysis 
even  shows  that  a better  prediction  of  the  path  loss  can  be  obtained  by  removing  the  terms  dependent  on  Ns 
from  the  formulas  given  by  NBS  and  CCIR. 


Thus  it  would  appear  that  some  additional  meteorological  parameters  will  have  to  be  used  if  the 
accuracy  of  the  predictions  is  to  be  improved.  In  1968  Battesti  et  al  (Ref.  31)  proposed  a prediction 
method  based  on  two  meteorological  factors.  They  introduced  a parameter  T which  is  given  by 


T 


H 


(5.5.) 


where  Ge  = the  "equivalent  gradient"  between  the  ground  and  the  common  volume 

G * the  difference  between  the  value  of  N at  a point  one  kilometre  above 
the  base  of  the  common  volume  and  the  value  at  that  base 


For  uniform  atmospheric  conditions  the  equivalent  gradient  is  equal  to  -AN,  the  difference  between  the 
surface  refractive  index  and  the  refractive  index  measured  1 km  above  the  surface.  The  T parameter  is  used 
with  a different  expression  for  path  loss  to  that  given  by  equation  (5.1).  Comments  given  in  CCIR  Report 
238-2  state  that  while  good  checks  with  experimental  values  have  been  obtained,  it  is  considered  that 
further  improvements  are  possible.  Unfortunately  details  are  not  given,  so  it  is  not  possible  to  judge 
how  successful  this  method  is  in  allowing  for  meteorological  conditions. 

A somewhat  different  approach  is  taken  by  Gjessing  (Ref.  32) . He  determines  the  slope  of  the 
refractive  index  spectrum  from  meteorological  measurements  and  uses  this  to  predict  the  statistical 
distribution  of  certain  parameters  of  the  link,  such  as  time  delay  spectrum  and  effective  antenna  gain. 

In  addition  he  calculates  the  statistical  distribution  of  the  effective  radius  of  the  earth.  No  attempt 
is  made  in  Ref.  32  to  use  these  parameters  for  the  prediction  of  path  loss  statistics. 

5.3  Channel  Characterization 

(a)  The  Channel  Model 

A typical  scatter  diagram  for  the  signals  received  over  a troposcatter  circuit  is  shown  in  Fig. 

3.  In  this  example  the  time  spread  is  about  1 ys  while  the  frequency  spread  is  about  1 Hz.  It  is 
reasonable  to  assume  that  the  signals  can  be  represented  by  a continuum  of  statistically  fading  paths. 

This  leads  to  the  view  that  the  channel  can  be  modelled  as  a time  varying  linear  filter  whose  general  form 
consists  of  a tapped  delay  line  filter  as  shown  in  Fig  14 . 

By  making  the  two  further  assumptions  that  on  a short-term  basis: 

- a received  carrier  can  be  characterised  as  a stationary  narrow-band  Gaussian  process,  and 

- for  narrow-band  signals,  scatter  contributions  with  different  delays  exhibit  uncorrelated 
fading 

one  is  led  to  the  generally  accepted  so-called  Wide  Sense  Stationary  Uncorrelated  Scattering  (WSSUS)  model, 
in  which  all  tap  gains  are  independent,  stationary,  gaussian  processes.  This  model  is  described  by  Bello 
in  Ref.  33. 

Using  this  model  it  is  often  convenient  to  consider  the  delay  power  spectrum  or  multipath  profile, 
which  can  be  pictured  with  the  aid  of  Fig.  14  as  the  variance  of  the  complex  tap  gains  as  a function  of 
delay.  It  can  be  shown  that  the  delay  power  spectrum  is  related  to  the  more  generally  known  frequency 
correlation  function  by  the  Fourier  transform.  In  the  literature  the  two-sigma  value  of  the  delay  power 
spectrum  is  usually  referred  to  as  multipath  delay  spread  (MDS) . 

It  is  important  to  emphasise  the  limitation  of  the  WSSUS  model  for  practical  troposcatter 
applications.  First  of  all,  it  is  a stationary  model  which  does  not  account  for  long-term  variations 
caused  by  changing  refractivity  and  meteorological  conditions.  Moreover,  it  does  not  in  its  basic  form 
account  for  special  propagation  effects  such  as  diffraction,  ducting  or  aircraft  reflections.  To  the 
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extent  that  such  effects  can  be  adequately  modelled  by  the  presence  of  a constant  signal  in  addition  to 
the  fading  troposcatter  signal,  it  is  possible  to  generalize  the  tapped  delay  line  model  to  include  them. 

It  was  noted  above  that  the  WSSUS  is  a "short-term"  model  only.  However,  it  is  important  to 
acquire  a quantitive  feeling  for  what  short-term  really  means. 

Apart  from  aircraft  fading,  typical  fade  rates  for  troposcatter  channels  range  from  0.1  Hz  to 
10  Hz.  This  means  that  for  periods  not  exceeding,  say  0.1s,  the  channel  cot  Id  be  modelled  as  a time- 
invariant  linear  channel  (this  period  is  still  very  long  compared  with  the  symbol  duration) . The  term 
"frozen  channel"  representation  has  been  coined  for  this  situation.  For  longer  periods,  perhaps  up  to 
about  a quarter  of  an  hour,  the  stationary  WSSUS  model  applies.  Any  description  to  be  valid  over  periods 
exceeding  \ hour  must  necessarily  be  non-stationary  in  nature.  These  observations  are  summarized  in 
Table  4 below. 


Table  4 

Approximate  periods  of  validity  for  troposcatter 
channel  models 


Terra 

Statistical 

Description 

Period  of 

Validity 

Frozen  channel 

Time-invariant 

0.1  sec 

Short-term 

Time-varying 

15  min 

Rayleigh 

stationary 

Long-term 

Time-varying 

non-stationary 

- 

(b)  Analogue  Systems 

The  performance  quality  of  troposcatter  radio  linte utilising  frequency  modulation  (FM)  is 
normally  limited  by  basic  thermal  noise  at  low  RF  signal  levels  and  at  high  levels  by  intermodulation 
noise  generated  by  non-linearities  in  the  equipment  or  by  multipath  propagation.  For  the  prediction  of  the 
performance  of  a proposed  troposcatter  link  it  is  therefore  necessary  to  predict  multipath  characteristics 
as  well  as  the  path  loss  statistics.  Multipath  intermodulation  noise  may  be  a limiting  factor  when  the 
number  of  voice  channels  is  large.  It  will  also  affect  the  selection  of  an  optimum  frequency  deviation 
(Ref.  34). 

A comparison  between  calculated  and  measured  values  of  multipath  interroodulation  noise  was  carried 
out  by  STC  for  five  ACE-High  links  (Ref.  30).  The  calculations  were  based  on  the  method  presented  by  C.D. 
Beach  and  J.M.  Trecker  (Ref.  35) . Care  was  taken  in  the  measurements  to  separate  the  two  sources  of  inter- 
modulation noise,  namely  equipment  intermodulation  and  multipath  intermodulation.  The  results  of  the 
measurements  are  summarized  in  Table  5 below. 


Table  5 


Summary  of  Calculated  and  Measured  Data  on  5 ACE-High  Links 


LINK: 

1 

SHETLANDS- 

SOLA 

2 

EMDEN- 

M.  GLAD BACH 

3 

PARIS  N.- 

M.  GLAD BACH 

4 

ATHENS - 

IZMIR 

5 

ESKISEHIR- 

IZMIR 

CALCULATED 

AVERAGE  MULTI PAT 

H INTERMODULATION 

(S/I) 

dB 

dB 

dB 

dB 

dB 

36  CHANNELS : FM 

152kHz  CHANNEL 

70kHz  DEVIATION 

45 

50 

49 

63 

50 

60  CHANNELS : FM 

290kHz  CHANNEL 

63kHz  DEVIATION 

39 

46.5 

44 

57.5 

43.5 

60  CHANNELS : PRE- 
EMPHASIS 

290kHz  CHANNEL 

40kHz  AV. 

DEVIATION 

51.5 

58 

56.5 

70 

56 
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Table  5 (contd) 


MEASURED  MULTIPATH  INTERMODULATION  (S/I) 


290kHz  CHANNEL 

34 

- 

48 

MULTIPATH 

INTERMOD.  NOT 

DISTINGUISHABLE 

FROM  BN  AND  IM. 

- 

152kHz  CHANNEL 

39 

51.5 

54 

46 

105kHz  CHANNEL 

41 

54 

- 

49.5 

COMPARISON  OF  VALUES  REFERRING  TO  THE  TOP  CHANNEL 


MEASUREMENT  IS 
x.dB  BETTER/ 

WORSE  THAN 

CALCULATION 

5db  WORSE 

1 . 5dB  BETTER 

4dB  BETTER 

- 

4db  WORSE 

On  Link  1,  which  is  an  oversea  path,  and  on  Link  5 themeasured  values  of  intermodualtion  noise 
are  higher  than  those  calculated  by  5 dB  and  4 dB  respectively,  whereas  on  Links  2 and  4 the  measured 
values  are  better  by  1.5  and  4 dB. 

Considering  the  simplifying  assumptions  made  in  the  method  of  predicting  multipath  intermodulation 
noise,  it  can  be  said  that  the  measured  and  the  calculated  values  are  in  good  agreement. 

(c)  Digital  Systems 

If  an  attempt  were  made  to  transmit  digital  data  at  a megabit  rate  over  a troposcatter  channel, 
using  a standard  high-speed  quaternary  phase  shift  keyed  (QSPK)  modem  designed  for  satellite  or  LOS 
communication,  the  resulting  error  rate  would  probably  render  the  link  useless,  even  for  larger  carrier 
to  noise  density  ratios.  This  is  because  the  performance  would  be  limited  by  intersymbol  interference 
resulting  from  multipath  propagation  rather  than  by  thermal  noise.  The  error  rate  resulting  from  inter- 
symbol interference  is  often  referred  to  as  the  irreducible  error  rate  since  it  cannot  be  reduced  by  an 
increase  in  the  transmit  power; it  can  only  be  counteracted  by  the  employment  of  more  sophisticated  modem 
designs  involving  advanced  signal  processing  techniques.  A short  summary  of  the  techniques  which  can  be 
used  to  combat  intersymbol  interference  is  given  in  the  Appendix. 

Digital  modems  tend  to  exhibit  very  rapid  performance  degradation  as  the  signal-to-noise  ratio 
decreases  below  a certain,  critical  value.  This  threshold  effect  combined  with  the  large  amount  of  fading 
experienced  on  troposcatter  channels  tends  to  make  a specification  of  long-term  average  performance  less 
useful  than  for  an  analogue  system.  It  is  therefore  almost  certain  that  a digital  system  would  be  specified 
in  terms  of  certain  performance  limits  and  the parcentages  of  time  during  which  these  limits  may  be  violated 
(see  Ref.  36).  The  detailed  method  of  specification,  however,  would  depend  on  user  requirements  and  network 
structure.  Specifications  may  for  example  be  in  terms  of: 

(a)  rate  and  duration  of  outages,  an  outage  being  defined  as  an  interval  exceeding, 

say,  0.1  s or  1.0  s,  during  which  the  error  rate  remains  above  a certain 
threshold,  for  example,  10  . 

(b)  average  bit  error  rate  (BER) , as  measured  over,  say  a 15-min  interval,  not  to 
be  exceeded  for  more  than  a certain  percentage  of  time. 

A user  requirement  would  often  be  stated  in  a fashion  similar  to  (a) , while  a specification  such 
. t is  the  advantage  of  lending  itself  more  readily  to  measurement. 

addition  there  is  an  important  performance  measure  for  digital  communications  systems  which 
•-  * '"'i -irr  In  the  analogue  field,  namely  statistics  for  loss  of  bit  count  integrity  (BCI).  Loss  of 

w c-  • the  timing  recovery  circuits  within  the  modem,  but  it  may  also  result  from  excessive  error 

• ••  • mt  t if  frame  synchronisation  in  an  associated  TDM  equipment,  in  which  latter  case  the  loss 

• m «.♦  ii-  - i i >s»» ly  related  to  the  outage  statistics  (a)  described  above. 

* . »«•*  • r link  performance  the  joint  statistics  of  the  multipath  delay  spread  (MDS) 

• * «►>.  • •.  i nlable.  *n  iese  statistics  can  be  used  in  conjunction  with  a short-term 

- -n.  i«»l  to  ierlve  predicted  sample  statistics  (i.e.  frozen  channel  statistics). 

• . ••  r j i j l r #»mr* n t s nave  been  stated,  there  are  at  least  two  distinct 

• t.  m*i  f t lew.  » Illustrated  in  Fig  15.  if  outage  statistics  are  desired  (see 

nr  and  multipath  statistics)  are  used  with  the  frozen 
> r i • «v*r age  rf.R  statistics,  the  predicted  short-term  average 

. *.»  , • ; • » aver age  modem  performance  on  a WSSUS  channel,  see 

•-  • .*  i«  referred  to  abov#»  in  sufficient  detail.  There 

, - • - t • a»  t should  be  a positive  correlation 

«r*i«  ly  supported  by  experimental  evidence. 
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The  experimental  results  of  Ehrman  and  Graham  (Ref.  38)  show  good  correlation  between  path  loss 
and  MDS.  However,  the  experimental  data  obtained  by  Sherwood  and  Fantera  (Ref.  39)  exhibit  a considerable 
amount  of  scatter.  A low  value  of  correlation  can  be  explained  if  it  is  assumed  that  variations  in  the 
path  loss  occur  largely  on  account  of  changes  in  the  scatter  mechanism  within  the  common  volume,  e.g.  if  in 
the  formula  for  path  loss  the  exponent  of  the  scatter  angle  were  to  vary  significantly.  In  this  connection 
it  is  worth  noting  that  equation  (5.5)  attaches  more  significance  to  G , the  parameter  accounting  for  changes 
in  the  scatter  mechanism,  than  to  G , the  parameter  determining  changes  in  the  effective  radius  of  the  earth. 
In  any  case  there  is  no  doubt  that  further  measurements  are  needed  to  determine  the  long-term  statistics  of 
the  MDS  and  the  correlation  between  MDS  and  path  loss. 

5.4  Surveys  and  Economic  Factors 

Because  of  the  uncertainties  which  still  exist  with  the  setting  up  of  a troposcatter  system,  in 
most  cases  it  is  worth  making  a preliminary  survey  over  the  intended  path.  Some  of  the  costs  involved  in 
such  a survey  can  be  recovered  in  the  cost  of  the  final  design  since  the  information  acquired  on  seasonal 
and  diurnal  variations  as  well  as  on  special  characteristics  of  the  link  such  as  the  presence  of  knife- 
edge  diffraction  can  then  be  put  to  good  use.  The  final  design  can  then  be  tackled  with  greater  confidence 
and  with  less  risk  of  failing  to  meet  the  requirements. 

For  many  surveys  the  full  antenna  gains  need  not  be  used  so  that  dishes  of  around  20  ft  in 
diameter  are  adequate  provided  they  are  mounted  at  the  heights  of  the  proposed  design.  An  allowance  must, 
of  course,  be  made  for  differences  in  antenna-to-medium  coupling  losses. 

In  the  case  of  digital  systems  the  proper  measurement  of  MDS  statistics  requires  that  the  antenna 
sizes  should  be  the  same  as  those  intended  for  the  final  implementation  of  the  link  since  the  delay  spread 
depends  on  the  antenna  beamwidths.  However,  should  the  maximum  expected  multipath  spread  be  well  within 
the  MDS  handling  capability  of  the  adaptive  modem  to  be  used,  then  the  system  can  be  designed  by  considering 
the  predicted  path  loss  statistics  only. 

The  period  of  survey  should  cover  the  worst  months  of  the  year.  These  are  normally  from  December 
to  April.  The  high  correlation  between  the  surface  refractive  index  and  the  montly  median  signal  level  can 
be  put  to  good  use  in  preliminary  surveys  (Ref.  30) . Meteorological  records  of  past  years  may  be  used  to 
determine  the  month  wich  has  a high  probability  of  being  the  worst  month.  Comparison  of  the  surface 
refractive  index  measured  during  the  survey  with  records  can  help  to  predict  the  monthly  median  signal 
levels  for  other  months  of  the  year  and  to  verify  whether  the  worst  case  was  indeed  included  in  the 
measurements. 


The  possibility  of  effecting  economics  by  a careful  assessment  of  the  required  relaibilities 
should  not  be  overlooked,  particularly  where  links  in  tandem  are  concerned.  If  the  CCIR  recommendations 
(Ref.  40)  are  taken  as  the  basis  of  planning,  then  the  performance  requirements  are  referred  to  a 
hypothetical  reference  circuit  (HRC)  for  e.g.  99.9%  of  any  month.  The  percentage,  p,  of  any  month  for 
which  the  performance  requirement  is  to  be  met  on  the  actual  circuit  of  length,  L,  is  then  determined  by 


P 


100  - 0.1 


_L 

2500 


(5.6) 


where  L * circuit  length  in  km 

The  method  assumes  that  the  periods  of  degradation  occur  independently  on  the  different  sections 
of  the  circuit.  This  assumption  was  substantiated  by  STC  measurements  taken  on  two  adjacent  links  of  the 
ACE-High  system.  These  shewed  that  the  short-term  median  signal  levels  received  on  the  two  links  are 
practically  uncorrelated  (except  for  high  signal  levels  - see  Ref.  30). 

Assuming  that  there  is  only  one  worst  month  in  the  year,  a troposcatter  link  of  250  km  (ie  one 
tenth  of  the  HRC)  would  then  have  to  be  planned  on  the  basis  that  the  stated  requirements  are  met  for 
about  99.999%  of  the  year.  A probability  as  high  as  this  is  hardly  meaningful  in  practical  terms. 

A relaxation  of  these  requirements  may  be  possible  when  the  troposcatter  link  is  to  form  part  of 
a switched  network  where  alternate  routes  exist.  In  this  case,  performance  criteria  could  be  provided  to 
the  switching  centres  to  prevent  them  from  selecting  temporarily  bad  circuits.  For  example,  if  alternate 
routes  of  equal  reliability  were  provided,  the  applicable  CCIR  performance  criteria  would  have  to  be  met 
for  99.7  instead  of  99.999%  of  the  year.  For  a path  of  250  km  this  results  in  a saving  of  transmitter 
power  of  some  6 to  8 dB,  depending  on  the  type  of  climate. 

In  systems  where  a chain  of  troposcatter  links  is  to  be  installed  it  is  often  fouhd  that  there 
is  only  one  link  for  which  it  is  roost  difficult  to  meet  the  performance  criteria.  It  may  then  be 
advantageous  to  relax  the  requirements  on  that  link  and  to  tighten  them  on  the  other  links. 

A reduction  of  transmitter  power  may  also  be  possible,  particularly  on  diffraction  links,  by 
providing  steerable  feeds  (Ref.  41)  so  that  the  beam  can  always  be  pointed  in  the  optimum  direction. 

Finally  a saving  in  running  cost  can  be  achieved  by  adjusting  the  transmit  power  to  match  the 
propagation  conditions,  e.g.  by  controlling  the  beam  voltage  of  the  power  amplifier  klystron  as  a function 
of  the  median  signal  level  received  at  the  other  station. 

5.5  Frequency  Considerations 


At  present  there  are  no  specific  frequency  bands  allocated  by  the  ITU  for  exclusive  use  by  tropo- 
scatter systems.  Consequently  these  systems  must  share  the  bands  allocated  to  other  terrestrial  services, 
such  as  multi-channel  LOS  and  TV  broadcasts.  For  example  in  the  frequency  band  790  to  960  MHz  (in  which 
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moat  of  the  ACE-High  stations  operate)  troposcatter  systems  may  oparata  only  on  a secondary  basis  to  TV 
broadcasting.  Information  from  Western  European  Nations  indicates  that  the  number  of  TV  emissions  on  this 
band  (TB-band  V)  will  continue  to  Increase. 

A mo/e  will  be  made  at  the  1979  WARC  Meeting  to  recommend  preferred  frequency  bands  for  troposcatter 
commur.  I cat  ions , but  it  is  not  expected  that  adequate  frequency  space  will  becone  available. 

Digital  troposcatter  systems  employing  PCM  as  analogue  to  digital  conversion  techniques  require  more 
than  twice  the  bandwidth  of  analogue  systems.  The  introduction  of  such  systems  will  further  aggravate  the 
situation,  so  there  are  good  reasons  for  Investigations  on  how  to  reduce  the  bandwidth  occupancy. 

By  abandoning  frequency  diversity  the  bandwidth  occupancy  can  be  halved.  Alternative  methods  of 
diversity  could  be  used  instead.  These  are: 

(a)  Angle  diversity,  (Ref.  42) 

Vertically  displaced  feed  horns  are  used  at  the  receiving  antennas  to  produce  two  or  more 
beams  with  a vertical  separation  of  about  one  to  two  beamwidths.  The  signal  levels  received 
on  the  higher  beams  are  lower  than  the  level  received  on  the  low  beam,  but  they  are  still 
sufficient  to  provide  diversity  gains.  It  has  been  found  that  3 vertically  displaced  beams 
would  effectively  provide  dual  diversity  (Ref.  42). 

(b)  Space-polarization  diversity  (Ref.  43) 

Orthogonally  polarized  signals  are  transmitted  by  two  antennas.  Each  receiving  antenna 
receives  both  transmitted  signals,  resulting  in  four  received  signals.  Here  the  two 
orthogonal  polarisations  are  used  to  provide  additional  space  diversity.  Since  the 
signals  on  the  crosspaths  are  highly  correlated  an  effective  three-fold  diversity  can 
be  obtained.  However,  there  are  considerations  which  indicate  that  the  high  correlation 
on  the  cross-path  could  be  alleviated  by  using  different  antenna  spacinqs  at  the  two 
sites,  the  distance  between  antennas  at  one  site  being  about  twice  the  distance  between 
antennas  at  the  other  site. 

Yet  another  way  of  preserving  bandwidth  on  digital  systems  is  to  use  modems  employing  multi-level 
signalling.  However,  to  achieve  the  same  performance  as  with  say  QPSK  modems  an  increase  in  transmitter 
power  is  required. 

6.  NEEDLES  AND  CHAFF 

In  the  Second  World  War  considerable  use  was  made  of  clouds  of  small  metal  strips  to  deceive  enemy 
radars.  Such  clouds  were  given  various  names  but  are  now  generally  known  as"chaff".  While  the  purpose  of 
chaff  was  originally  to  create  a strong  backscatter  signal,  it  can  equally  well  be  used  bi-stat leal ly  and 
therefore  lend  itself  to  providing  a communicat ions  link. 

In  the  summer  of  1950  a very  special  version  of  chaff  was  conceived  in  which  extremely  thin  dipoles 
were  to  be  spread  in  a belt  around  the  glob#  at  a height  of  some  4000  km.  Because  of  the  nature  of  the 
dipoles  the  project  was  at  first  called  "Needles"  but  later  was  given  the  name  "West  Ford"  (Ref.  :>0) . The 
second  launch,  which  was  in  May  1963,  put  a pay  load  of  20  kg  into  a nearly  circular  polar  orbit  with  a mean 

altitude  of  3700  km.  The  load  consisted  of  5 X 1O0  copper  dipoles  each  1.78  cm  in  length. 

On  the  chart  in  Fig  l the  original  name  "Needles”  has  been  used  on  account  of  being  more 
descriptive  of  the  system.  The  figure  shows  the  frequencies  involved  as  around  8 GHz,  with  a range  of 
operation  from  close  by  to  in  excess  of  the  2000  km  to  which  the  graph  goes.  The  scatter  loss  is  shown  as 
being  as  high  as  153  dB.  This  Is  not  surprising  considering  that  within  a month  of  being  launched  the 
needles  had  dispersed  to  such  an  extent  that  they  were  now  about  400  metres  apart  on  the  average.  Thus  the 
common  volume  to  60  dB  ground  antennas  contained  only  about  600  dipoles.  The  resulting  echoing  area  would 
be  of  the  order  of  a tenth  of  a square  meter.  At  this  stage  the  system  was  only  capable  of  sustaining  a 
single  telegraphy  channel  even  with  the  use  of  powers  in  the  region  of  100  kW. 

A system  on  the  lines  of  the  needles  experiment,  has  considerable  advantages  from  a military  point 

of  view  since  it  would  be  immune  to  physical  attack  and  direct  jamming.  Continuous  world-wide  coverage 
could  be  obtained  with  only  two  8000  km  altitude  belts,  one  polar  and  one  equatorial.  However,  there  was 
considerable  opposition  to  the  scheme  from  astronomers  and  other  bodies,  not  so  much  on  account  of  the 
West  Ford  experiment  itself  (which  was  deliberately  designed  to  limit  the  existence  of  the  belt  to  a few 
years)  as  on  the  grounds  that  it  would  lead  to  the  establishing  of  further  belts  of  greater  density. 

Because  of  the  considerable  multipath  spread  Involved  in  the  West  Ford  experiment,  the  study  of 
suitable  techniques  to  combat  such  multipath  effects  was  greatly  stimulated.  This  was  one  of  the  bye- 
products  of  the  experiment  which,  in  its  technical  details,  may  be  said  to  have  been  in  good  quantalive 
agreement  with  predictions  (Ref.  51). 

If  circumstances  are  such  that  even  only  a short  period  < f communication  is  of  value,  then  chaff 
could  be  dropped  in  a common  volume  using  either  an  aeroplane  or  dispersal  from  a rocket.  A requirement 
of  this  nature  could  arise  If  the  middle  terminal  of  two  tropospheric  links  in  tandem  weie  out  of  action 
and  the  signals  were  required  to  overpass  this* terminal  to  span  a total  distance  of,  say,  600  km.  Another 
application  would  be  to  mobile  communications  between  terminals  which  were  not  In  1 ine-of -sight  yet  not 
separated  by  a distance  of  more  than,  say,  250  km. 

Both  cases  have  been  considered  in  detail  by  Ince  et  al  (Ref.  52)  in  an  article  which  Includes 
experimental  evidence  obtained  by  dropped  chaff  from  an  aircraft.  The  aircraft  experiments  were  performed 
at  a frequency  in  the  region  of  900  MHz.  The  dispensing  of  some  2.5  kg  of  chaff  at  an  altitude  of  about 
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20,000  ft  took  about  4 seconds  and  resulted  in  useful  signals  for  a period  of  10  to  30  minutes  between 
terminals  600  km  apart.  In  order  to  ensure  that  cross-polar izat ion  signals  could  be  received  it  was 
necessary  to  prevent  the  chaff  falling  too  much  horizontally  and  so  the  aluminium  strips  were  made  twisted. 
The  resultant  rotation  in  the  air  wan  probably  the  cause  of  the  fairly  ranid  Rayleigh  fading  experienced 
(4  to  5 fades  per  second) . The  time  the  chaff  is  in  the  common  volume  is  much  affected  by  the  wind 
conditions.  Since  the  wind  velocity  tends  to  Increase  markedly  above  about  25,000  ft  it  is  best  to  carry 
out  the  dispensing  at  below  this  height. 

For  use  between  mobile  terminals,  a possible  system  is  one  using  1 kw  of  power  at  3 GHz  and  1 
meter  dishes.  Then  it  is  estimated  that  a rocket  with  a payload  of  4 kg  of  chaff  released  at  30,000  ft 
could  provide  a single  FH  voice  channel  for  about  one  hour.  This  assumes  that  the  terminals  track  the  cloud 
of  chaff  until  it  has  fallen  to  about  7,000  ft. 

7.  OPTICAL  SCATTERING  BY  AEROLS 

The  word  "optical"  is  used  in  its  broadest  sense  here  to  distinguish  the  part  of  the  spectrum 
used  here  from  the  radio  spectrum.  A practical  system  employing  scatter  in  the  visual  range  is  at  present 
out  of  the  question  on  account  of  the  competing  radiations  (Refs.  53  and  54  ).  However,  by  going  to  the 
far  ultra-violet  region,  the  natural  radiation  from  the  sun  is  very  or  atly  attenuated  - indeed  it  is 
impossible  to  measure  the  radiation  level  in  this  region  at  ground  level.  At  the  same  time  there  are  no 
Interfering  sources. 

The  extremely  high  attenuation  to  ultra-violet  radiation  from  the  sun  afforded  by  the  ozone  in  the 
atmosphere  is  illustrated  by  Fig  16  which  is  based  on  attenuation  figures  given  by  Wulf  and  Deming  (Refs. 

55  and  56) . The  maximum  attenuation  is  at  a wavelength  of  2600  K and  is  as  high  as  400  dB,  a remarkable 
figure  when  one  considers  that  the  total  ozone  content  of  the  atmosphere  is  equivalent  to  a layer  of  only 
2.5  millimetres  thickness  at  ground  level.  Fiq.  16  has  also  on  it  the  attenuation  due  to  the  other 
constituents  of  the  atmosphere  calculated  via  measured  values  at  ground  level  (Ref.  57)  where  the 
contribution  to  the  attenuation  by  ozone  is  relatively  small.  To  convert  the  latter  curve  to  values  at 
ground  level  one  can  use  the  fact  that  the  height  of  the  homogeneous  atmosphere  is  about  6 km. 

A system  using  scattering  in  the  region  2300  to  2R00  R is  described  in  Ref.  5R.  The  transmitter 
consisted  of  a high  power  flashlamp  with  a maximum  output  of  1000  joules  per  flash,  when  operated  at  about 
1000  V.  Flashes  were  of  about  1 msec  duration. 

For  the  receiver  multilayer  filters  were  used  to  pass  only  the  required  part  of  the  spectrum. 
Experiments  were  performed  with  different  blocking  angles,  i.e.  for  different  scattering  anqles  at  a 
distance  around  1 km.  Greatly  enhanced  signals  were  obtained  at  high  angles  of  elevation  when  there  was 
an  appreciable  rainfall. 

All  this  work  is  still  in  the  preliminary  experimental  stage  and  some  of  it  is  classified.  It  is 
therefore  too  early  to  give  a more  detailed  account. 

8.  CONCLUDING  REMARKS 

Of  the  five  distinct  radiowave  scatter  systems  considered  in  this  review,  three  rely  on  quite 
small  perturbations  on  the  ambient  conditions.  The  other  two,  namely  meteor  burst  and  chaff,  depend  on 
scattering  from  greatly  augmented  ionisation  and  from  highly  conducting  strips  respectively.  However,  from 
a systems  point  of  view  these  distinctions  are  academic.  A more  practical  grouping  is  into  systems  involving 
man-made  scatter  conditions,  i.e.  field  aligned  scatter  and  chaff  or  naturally  occurring  scatter  phenomena. 

Both  the  man-made  scattering  phenomena  would  seem  to  have  their  major  applications  in  military 
systems,  where  they  would  have  the  advantage  of  being  capable  of  being  switched  on  at  will  - in  the  case  of 
field  aligned  scatter  the  system  can  also  be  switched  off  at  will.  The  very  special  nature  of  both  of  these 
two  artificially  generating  scatter  systems  makes  it  difficult  to  forecast  the  applications  to  which  they 
may  be  put  in  the  future.  It  is  worth  noting  that  field  aliqned  scatter  also  occurs  naturally  in  the  auroral 
zone  and  communlcat ion  has  often  been  achieved  using  frequencies  in  the  VHF  band,  but  the  results  achieved 
so  far  are  too  variable  to  be  of  practical  use. 

The  scatter  mode  with  the  roost  obvious  wide  application  is  troooscatter . In  the  fairly  extensive 
review  of  troposcatter  systems  made  in  this  paper  it  is  clear  that  performance  tredictions  still  leave 
something  to  be  desired.  Estimates  which  can  be  10  dB  or  more  out  are  not  a cheerful  prospect  for  the 
designer.  The  problem  is  aggravated  by  the  fact  that  our  knowledge  of  climatic  effects  is  still  limited 
to  certain  regions  of  the  world. 

Less  obvious,  but  surely  with  a certain  future  in  special  applications,  is  the  use  of  meteor 
burst  communications.  The  neglect  of  this  form  of  communication  can  be  attributed  to  a number  of  factors, 
but  the  vast  Improvements  made  in  the  last  two  decades  in  circuitry  will  act  very  much  to  the  advantane 
of  meteor  burst  systems.  Here  again  there  is  a need  for  a more  world-wide  knowledge  of  scatter  mechanism- 
in  this  case  of  the  distribution  of  the  radiants  of  meteors. 

APPENDIX 

Principles  of  Modulation  and  Signal-Processing  Techniques  for  Troposcatter  channels 

During  the  past  few  years,  several  study  programmes  have  been  directed  towards  the  problem  of 
choosing  an  efficient  modem  design  for  megabit -per- second  digital  transmission  ever  troooscatter  links. 

The  findings  of  these  studies  have  been  extensively  reported  in  the  literature  (Ref.  44  to  4R) . 

The  adoption  of  a suitable  digital  baseband  modulation  technique  (Ref.  4R)would  enable  digital 
traffic  to  be  passed  over  existing  FDM/FM  troposcatter  links.  For  a link  carryinq  72  voice  channels, 
the  maximum  achievable  data  rate  is  about  0.5  Mbit/s,  which  is  entirely  inadequate  to  carry  an  amount  of 
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traffic  equivalent  to  72  voice  channels  in  digital  form.  Other  modulation  methods  must  therefore  be  souqht 
vhich  utilize  bandwidth  more  efficiently. 


Assuming  that  QPSK  is  a suitable  modulation  technique,  the  question  remains  of  how  the  technique 
may  be  modified  to  provide  adequate  multipath  protection  features.  At  least  five  basic  approaches  to  this 
problem  are  known  to  exist. 

(a)  Parallel  processing 

(b)  Transmitter  time  gating 

(c)  Receiver  time  gating 

(d)  Adaptive  diversity  equalization 

(e)  Viterbi  decoding  algorithm 

Of  these,  (b) , and  'c)  are  applicable  only  to  situations  where  the  multipath  spread  is  not  large  compared 
to  the  bit  duration*  while  (a),  (d)  and  (e) , at  least  in  principle,  will  work  on  any  time-variant  linear 
channel.  A typical  value  of  the  multipath  spread  for  a long  troposcatter  hop  is  about  250  ns. 

The  idea  behind  parallel  processing  is  to  split  the  high-speed  data  stream  into  a number  of 
low-speed  signals  which  can  be  transmitted  in  parallel  over  the  channel  by  the  use  of  some  kind  of  frequency 
division  multiplexing.  In  this  way  the  symbol  rate  on  each  subsignal  becomes  low  enouqh  to  make  multioath 
effects  unimportant.  However,  the  equipment  complexity  grows  almost  linearly  with  the  number  of  sub-signals, 
and  intermodulation  distortion  is  a potential  problem  when  the  number  of  subsignals  is  larqe. 

With  transmitter  time  gating  a guard  interval  is  established  between  adlacent  symbols.  If  the 
guard  time  can  be  made  to  exceed  the  multipath  spread,  intersymbol  interference  becomes  neglioible.  trans- 
mission rates  up  to  about  4 Mbit/s  can  be  achieved  for  channels  having  a multioath  spread  of  250  ns,  but 
the  bandwidth  requirements  increase  with  increasing  multipath  spread. 

Receiver  time  gating  implies  that  the  receiver  disregards  that  part  of  a received  svmbol  which  is 
known  to  be  most  heavily  corrupted  by  interference  from  adjacent  symbols.  The  method  is  inefficient  in 
terms  of  received  power  utilization  and  is  limited  to  data  rates  not  exceeding  1 Mbit/s  'or  a multioath 
spread  of  250  ns  (Ref.  47). 

Adaptive  diversity  equalization  is  a technique  by  which  the  received  signal  is  processed  in  a 
time-varying  linear  transversal  filter  to  remove  intersymbol  interference.  Tht  filter  tao  gains  are 
continuously  adjusted  to  match  the  channel  characteristics  at  any  instant  in  time. 

The  number  of  taps  required  depends  on  the  multipath  spread  and  the  transmission  rate,  a limit  to 
the  number  of  taps,  and  therefore  to  the  attainable  transmission  rate,  will  ultimately  be  imposed  bv  a 
degradation  in  signal-to-noise  ratio  and  by  equipment  hardware  constraints.  However,  data  rates  in  excess 
of  10  Mb/s  should  be  achievable. 

The  Viterbi  decoding  algorithm  can  be  employed  for  the  maximum  likelihood  detection  of  a digital 
signal  which  has  been  corrupted  by  intersymbol  interference  (Ref.  4^).  With  this  approach,  the  troposcatter 
channel  is  viewed  as  a natural  convolutional  coder  for  which  the  code  is  both  unknown  and  time-varying,  so 
that  the  receiver  has  the  dual  task  of  estimating  the  code  and  of  performing  the  decoding.  For  transmission 
at  megabit  data  rates,  the  processing  speed  required  for  the  digital  circuitry  is  extremely  high,  but  the 
Viterbi  decoder  is  potentially  capable  of  handling  data  rates  in  excess  of  10  Mbit/s. 

Obviously,  these  five  basic  methods  can  be  combined  in  several  ways  to  meet  a given  set  of 
requirements  in  a more  efficient  and/or  economical  fashion.  For  instance,  transmitter  time  gating  can  be 
combined  with  a simple  equalizer  to  remove  residual  intersymbol  interference. 

It  is  essential  to  realize  that  multipath  propagation  is  not  necessarily  an  entirely  undesirable 
feature  of  the  troposcatter  medium.  In  fact,  a properly  designed  modem  -a  capable  of  exploiting  the  time 
dispersion  of  the  channel  as  a sort  of  implicit  diversity.  When  viewed  in  the  frequency  domain,  the 
diversity  effect  arises  whenever  the  spectrum  of  the  digital  signal  is  much  wider  than  the  correlation 
bandwidth  of  the  channel,  with  the  result  that  fading  is  very  unlikely  to  affect  the  whole  spectrum  at  the 
same  time. 


To  summarize  briefly,  multipath  effects  associated  with  the  troposcatter  channel  significantly 
complicate  the  modem  design,  but  with  a proper  modem  the  presence  of  multipath  has  a beneficial  effect 
in  that  it  tends  to  reduce  the  impairments  caused  by  fading. 
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Fig. 2 Noise  levels  at  frequencies  involved  in  scatter  systems 
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Fig. 3 Typical  scatter  function  diagram 
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Fig. 5 Power  saving  in  intermittent  scatter  communications 


1 sec. . 


VERTICAL  SCALE  IS  IN  dB  RELATIVE  TO  1 uV  ACROSS  50  OHMS 
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fading  in  three  diversity  branches 


Fig. 8(b)  Example  of  F.A.S.  coverage  f = 50  MHz 


SCATTER  LOSS  IN  <56 


it-:* 


- RAYLEIGH 
"FADING" 


0 SCATTER  LOSS 

1 FADING  RANGE 

POINTS  ARE  FROM  REFS  51  ANO  5 2 
FREQUENCIES  RANGE  FROM  tOOMHl 
TO  4000  MHx 


SCATTER  LOSS.  tO  LOO  »♦  109  ♦ 20  5 
WITH  f.400MH* 


*•  150  300  450  " ° ° 600  km 

"i  r Y T"  4 

SCATTER  ANGLE  0 IN  DEOREES  (STANDARD  4/1  ATMOSPHERE  I 


Fix- 1 1 Attenuation  anil  Catling  in  troposcatter 


TROPO 


ASSUMPTIONS: 


COORDINATION  AREAS: 


TROPO  LOS 

DISTANCE  330  6 x 55  km 

FREQUENCIES  » 1 GHz 

TX-POWER  10  kw  2 w 

ELEVATION  ANGIES  0 P 

HORIZON  ANGIES  (fi 

CALCULATIONS  BASED  ON  CCIR  REP.  382-2 

(GENEVA  - 1974),  ZONE  A 
(OVERLAND) 


SINGLE  STATION.  A, 
TOTAL  At 

(NO.  OF  FRE- 
QUENCIES) x Aj 


TROPO 

1.15 

1.55 


LOS 

0. 22  x 10^  km? 
0.32  x 106  km2 

2.6  x 106  km2 


Fig.  1 2 Comparison  of  coordination  arvas 


f 


IN  <56  (KH.  ANO  90*/.  LEVELS) 


II  -JO 


DELAY 

b DELAY  POWER  SPECTR'JM 


NOTE  W;  (tl  IS  A COMPLEX  STOCHASTIC 

PROCESS  OF  VARIANCE  O,1 


; 


Fig  14 


Troposcatter  channel  model  and  associated  delay  power  spectrum 


Fig. ! 5 Link  prediction  approaches 


1700  1900  2100  2300  2500  2700  2900  3100  3300  3500 

WAVELENGTH  IN  ANGSTROMS  (10-»cm) 

Fig.  lb  Attenuation  of  solai  ultra-violet  radiation  by  the  atmosphere 


22-1 


DESIGN  CONSIDERATIONS  FOR  DIGITAL 
TROPOSCATTER  COMMUNICATIONS  SYSTEMS 
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Res  ton,  Virginia  22090 


SUMMARY 

The  recent  development  of  adaptive  signal  processing  technigues  such  as  the  Adaptive  Decision 
Feedback  Equalizer  (ADFE)  and  the  Distortion  Adaptive  Receiver  (DAR)  has  enabled  the  reliable  trans- 
mission of  digital  data  over  the  troposcatter  channel  at  multimegabit  rates.  Implementation  of  these 
techniques  has  progressed  to  the  point  where  the  development  of  user  oriented  system  design  and  perform- 
ance criteria  can  proceed. 

The  performance  of  digitized  voice  channels  under  fading  conditions  is  measurably  different  than  the 
performance  of  conventional  analog  voice  channels  under  the  same  conditions.  Therefore  the  applicability 
of  existing  analog  transmission  link  and  system  design  criteria  to  the  design  of  a digital  transmission 
system  is  negligable.  This  paper  proposes  performance  criteria  for  digitized  voice  channels  which  more 
accurately  reflect  the  expected  temporal  distribution  of  channel  outages  given  the  fading  statistics  of 
the  troposcatter  channel.  Measured  data  is  presented  along  with  a digital  troposcatter  channel  model 
which  effectively  bounds  voice  channel  outage  statistics  on  digital  troposcatter  links  and  relates  these 
statistics  to  link  design  parameters  such  as  link  signal  to  noise  ratio,  multipath  dispersion  and 
diversity  configuration. 

Performance  criteria  are  also  proposed  for  digital  data  users  In  terms  of  error  free  block 
probability.  The  effect  of  error  free  block  probability  requirements  on  the  design  of  digital  tropo- 
scatter links  is  shown  along  with  an  assessment  of  the  relative  difficulty  of  meeting  digitized  voice 
and  data  channel  quality  requirements  in  a hypothetical  system  design. 

The  dynamic  effects  of  the  fading  dispersive  troposcatter  channel  are  also  felt  in  the  design  of 
link  and  system  synchronization  strategies.  For  digital  transmission  systems,  the  maintenance  of  symbol 
and  frame  synchronization  is  of  major  Importance,  this  paper  compares  the  predicted  timing  stability  of 
a digital  troposcatter  link  with  measured  data  taken  at  the  synfcol  and  frame  synchronization  levels  (i.e., 
at  the  modem,  TDM  and  PCM/TDM  levels). 

1.  FOUNDATIONS  OF  DIGITAL  FADING  CHANNEL  QUALITY 

The  recent  successful  Implementation  of  channel  adaptive  digital  signal  processing  techniques  such 
as  Adaptive  Decision  Feedback  Equalization  (ADFE)  [1]  and  the  Distortion  Adaptive  Receiver  (DAR)  [2]  has 
made  possible  the  transmission  of  digital  data  over  the  troposcatter  channel  at  multimegabit  rates.  The 
transmission  system  designer  who  plans  to  use  these  techniques  can  now  proceed  with  the  development  of 
user  oriented  digital  transmission  system  design  and  performance  criteria.  At  first  glance,  one  would 
expect  that  the  development  of  digital  transmission  performance  criteria  should  evolve  directly  from 
existing  analog  transmission  performance  standards.  However,  the  digitization  of  voice  circuits  which 
are  the  basic  quanta  of  any  multichannel  transmission  system  results  in  voice  channel  performance  which 
is  related  to  system  and  link  design  parameters  In  a notably  different  manner  than  that  evidenced  in 
analog  systems. 

In  analog  (FDM)  channels,  the  major  sources  of  noise  are  media  noise  and  Intermodulation  noise  which 
tend  to  accumulate  more  or  less  on  a mileage  basis.  In  digital  (PCM)  channels,  the  major  source  of 
channel  noise,  except  during  deep  fading,  is  analog  to  digital  conversion  or  quantizing  noise  which 
accumulates  only  when  the  basic  PCM  multiplexer  is  traversed.  During  periods  of  deep  fading,  the  analog 
and  digital  voice  channels  also  behave  differently.  With  analog  channels,  the  voice  user  is  nearly 
always  aware  of  background  channel  noise  which  increases  in  intensity  as  the  channel  fades.  With  digital 
channels,  the  voice  user  is  unaware  of  any  substantial  background  noise  until  the  PCM  outage  threshold  Is 
traversed.  At  that  time,  the  noise  environment  of  the  channel  becomes  quite  Intensive  — resulting  In  a 
period  of  unusability  which  will  last  as  long  as  the  channel  is  below  threshold.  The  duration  and 
frequency  of  these  disturbances  or  "channel  outages"  is  then  closely  related  to  the  quality  of  the  voice 
channel  Itself.  Thus  for  the  digital  voice  channel.  If  the  frequency  and  duration  of  channel  outages 
can  be  controlled  by  proper  link  design  then  specification  of  voice  channel  performance  can  be  formulated 
In  terms  that  are  more  relevant  to  the  voice  user. 

The  digital  data  user  requires  a different  type  of  channel  specification  for  which  there  Is  no 
current  parallel  in  analog  transmission  system  design.  The  specification  of  error  free  block  probability 
fulfills  this  requirement.  The  overall  efficiency  of  data  system  can  be  effectively  related  to  its 
error  free  probability.  Therefore,  specification  of  an  acceptable  error  free  block  probability  on  a 
transmission  link  is  tantamount  to  specifying  a lower  bound  on  the  efficiency  of  the  data  system  itself 
since  most  data  users  employ  some  form  of  error  coding  (error  detection  or  ARQ  or  error  correction  or 
FEC)  to  further  Improve  the  efficiency  of  these  systems. 

Finally,  reliable  digital  transmission  requires  that  a state  of  synchronism  be  reliably  maintained 
between  data  source  and  sink.  This  means  that  all  Intervening  digital  equipments  (multiplexers  and 
modems)  must  also  be  synchronized.  In  a digital  transmission  system,  synchronization  can  be  maintained 
by  pulse  stuffing,  master-slave  or  pleslochronous  techniques.  The  dynamics  of  a fading  channel  such  as 
troposcatter  can  dellterlously  affect  the  timing  stability  of  the  transmission  system,  no  matter  what 
the  synchronization  method,  by  depriving  the  digital  equipments  of  reliable  symbol,  bit  or  frame  clock 
during  fading  events.  Thus  the  design  of  synchronization  acquisition  and  maintenance  algorithms  also 

u 


represents  a very  important  aspect  of  digital  transmission  system  design. 


2 . CHANNE L QUALITY  HASURES  AND  LINK  DESIGN 

The  primary  measure  of  transmission  quality  for  a digital  system  Is  Its  error  performance.  Trans- 
mission errors  will  occur  in  the  digital  transmission  system  in  two  distinctly  different  modes.  One  mode 
Is  a relatively  constant,  long-term  error  rate  which  will  occur  due  to  equipment  degradation  (as  opposed 
to  failure),  due  to  Interference  and  due  to  long-term  power  fading  such  as  seen  on  satellite  links.  This 
error  rate  should  be  specified  to  be  at  least  one  order  of  magnitude  more  stringent  than  the  level  at 
which  significant  user  disturbance  occurs.  For  64  kb/s  PCM,  a channel  Is  generally  considered  unavailable 
when  Its  steady-state  error  rate  Is  greater  than  10"6. 

The  other  system  error  mode  results  from  fading  on  1 Ine-of-slght  and  troposcatter  links.  To  describe 
these  instances,  dynamic  measure,  of  error  performance  are  needed.  Multipath  fading  occurs  w'th  such 
rapid  variation  that  the  error  performance  changes  too  quickly  to  be  characterized  by  a "rate".  In 
addition.  Isolated  single  bit  errors  are  of  little  Importance  since,  In  the  transmission  of  digitized 
voice  via  PCM,  the  occurrence  of  a single  Isolated  bit  error  will  hardly  be  noticed  by  the  user.  It  Is 
the  teeiporal  relationship  between  errors,  l.e.  , whether  they  are  grouped  together  In  time  so  that  they 
reinforce  each  other's  disturbing  effect  that  Is  the  important  measure  of  voice  channel  quality.  Similarly, 
for  most  modem  data  transmission  systems  which  use  coding  for  error  control,  single  bit  errors  are  of 
little  consequence. 


2.1  The  Digitized  Voice  Channel 

For  properly  designed  Une-of-slght  and  troposcatter  links,  the  error  performance  of  a 
traversing  digital  channel  will  be  characterized  by  relatively  long  periods  with  very  few  or  no  errors 
Interspersed  with  considerably  shorter  periods  of  deep  fade  In  which  errors  are  grouped  closely  enough 
together  to  consltute  an  essentially  continuous  Interruption  to  the  usability  of  the  channel.  Transition 
of  the  channel  from  the  error- free  state  to  the  severely  disturbed  state  Is  quite  rapid.  User  perception 
of  64  kb/s  PCM  channel  quality  changes  dramatically  with  a two  order-of-magnltude  change  In  error 
probability  from  around  3- 1 0~*  (on  the  order  of  one  error  every  5 seconds)  to  3- 10~4  (20  errors  per 
second).  In  this  vicinity  of  error  probability,  a two  order-of-magnltude  change  results  from  about  a 
2 dB  change  In  received  signal  to  noise  ratio.  During  deep  multipath  fades,  the  received  signal  to 
noise  ratio  may  be  expected  to  change  by  tens  of  dB  per  second.  Thus  If  the  channel,  as  perceived  by 
the  user,  transitions  from  good  to  bad  In  a 2 dB  range  of  signal  level,  this  transition  will  generally 
occur  In  less  than  a few  hundred  milliseconds.  The  mean  fade  duration  on  quad  diversity  troposcatter 
links  will  generally  be  on  the  order  of  one  second  or  less.  Since  the  transition  period  from  a good 
channel  to  a severely  disturbed  one  Is  so  short  relative  to  the  actual  fade  duration,  such  fades  can  be 
described  by  only  their  duration,  assigning  essentially  complete  unacceptabll  1 ty  from  the  onset  of  the 
fade  to  Its  end.  It  remains  necessary  only  to  choose  an  appropriate  threshold  at  which  to  measure  the 
beginning  and  ending  of  a fade  outage  to  complete  the  outage  characterization. 

If  a 64  kb/s  PCM  channel  Is  observed  during  a multipath  fade,  the  fade  will  generally  have 
reached  a considerable  depth  before  the  first  bit  error  occurs  on  the  channel.  Oue  to  the  rapid 
subsequent  onset  of  errors  In  a fading  channel,  the  signal  to  noise  ratio  at  which  the  first  bit  error 
Is  expected  to  occur  Is  a reasonable  threshold  for  determining  the  duration  of  the  fade.  This  level  will 
not  be  the  same  for  each  fade  since  error  occurrences  are  a probabilistic  phenomenon.  However,  a signal 
to  noise  ratio  can  be  defined  which  represents  the  mean  value  of  the  signal  to  noise  ratio  at  which  the 
onset  of  errors  Is  expected.  This  mean  value  Is  a function  of  fade  rate.  The  more  rapidly  the  signal 
level  fades,  the  lower  will  be  the  point  at  which  the  onset  of  errors  occur.  For  a typical  fade  rate  of 
10  dB/second,  the  mean  signal  to  noise  ratio  of  error  onset  Is  approximately  the  magnitude  corresponding 
to  a 10*4  bit  error  probability.  This  Is  an  appropriate  signal  to  noise  ratio  threshold  for  the  range 
of  fade  rates  expected  to  occur  on  digital  troposcatter  links. 

Having  defined  a threshold  above  which  the  channel  Is  considered  to  be  unperturbed,  and  below 
which  the  channel  Is  considered  to  be  unacceptable,  a fade  outage  Is  defined  as  the  event  that  begins 
when  the  diversity  branch  signal  to  noise  ratio  of  a link  falls  below  the  specified  threshold  and  ends 
when  the  diversity  signal  to  noise  ratio  has  again  risen  through  the  threshold  value. 

The  characteristics  of  fade  outages  have  been  examined  for  a typical  digital  troposcatter  channel. 
It  has  been  found  that  a channel  which  traverses  a number  of  troposcatter  links  will  experience  three 
distinctly  different  categories  of  fade  outage  with  markedly  different  user  Interference  potential.  The 
first  broad  category  occurs  when  a voice  user  Is  subjected  to  an  Isolated  fade  outage  of  very  short 
duration,  e.g. , less  than  200  milliseconds.  His  reaction  will  be  to  barely  notice  the  disturbance.  This 
will  be  true  even  for  repeated  but  suitably  Infrequent  outages  of  such  short  duration.  The  second  broad 
category  occurs  over  some  range  of  longer  fade  duration,  e.g.,  1/5  second  to  5 seconds.  The  user  will 
experience  significant  annoyance  but  will  continue  to  conmunjcate  when  the  outage  "is  over.  Similarly, 
for  some  recurrent  rate  of  short  duration  outages,  e.g.,  2 to  4 outages  per  minute,  none  of  which  Is 
greater  than  200  milliseconds  In  duration,  annoyance  rather  than  total  disruption  will  occur.  This  type 
of  recurrent  disturbance  Is  typical  of  a troposcatter  channel  during  long-term  fading  and  thus  will 
afflict  the  user  with  a relatively  long  period  of  disturbed  performance  whereas  the  1/2  to  5 second  fade 
will  normally  be  an  Isolated  event.  Finally,  the  third  broad  category  occurs  when  the  outage  exceeds  some 
duration  such  that  calls  are  abandoned  due  to  lack  of  patience.  Outages  of  any  noticeable  duration  will 
be  disturbing  to  the  user  and  their  probability  of  occurrence  should  be  controlled.  Outages  which  are 
long  enough  to  cause  call  abandonment  are  a much  more  severe  disturbance  than  outages  for  which  calls  are 
not  abandoned.  Thus,  the  probability  of  occurrence  of  these  longer  outages  should  be  made  substantially 
less  than  the  probability  of  occurrence  of  shorter  outages.  The  determination  of  an  appropriate  outage 
duration  threshold  above  which  call  abandonment  Is  expected  can  best  be  determined  by  subjective  user 
preference  testing.  In  the  absence  of  such  tests,  a five-second  duration  has  been  chosen  as  a conserva- 
tive value.  That  Is,  It  Is  assumed  that  calls  subjected  to  outages  shorter  than  five  seconds  will  be 
held  and  those  with  outages  longer  than  five  seconds  will  be  abandoned. 
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In  view  of  these  considerations,  five  specific  ranges  of  voice  c iannel  outage  are  defined  as 

follows: 

e Range  I.  Outages  under  200  milliseconds  duration  wh'ch  are  significantly  separated  In  time 
from  any  other  outage.  Such  outages  will  normally  occur  on  a troposcatter  link  operating  with 
adequate  margin.  The  allowable  probability  of  occurrence  of  these  outages  need  not  be 
specified  since  their  effect  on  the  user  Is  trivial. 

t Range  II.  Outages  with  u..  atlons  In  the  range  from  200  milliseconds  to  five  seconds  which 
are  significantly  separated  In  time  from  any  other  outage.  Such  outages  will  occur  on  a 
troposcatter  link  operating  with  adequate  margin  (or  less  than  adequate  margin  If  the 
frequency  of  occurrence  Is  high).  The  allowable  probability  of  occurrence  of  such  an  outage 
should  be  specified  with  a value  based  on  Its  annoyance  to  the  user. 

• Range  III.  Outages  with  durations  greater  than  5 seconds  but  less  than  2 minutes.  The 
allowable  probability  of  occurrences  of  such  outages  should  be  specified  with  a requirement 
more  stringent  than  that  for  Range  II  since  such  an  outage  Is  considered  to  be  a disruption 
to  the  user  which  would  ca  se  call  termination. 

a Range  IV.  A recurrent  set  of  outages  of  average  duration  under  200  milliseconds  which  occurs 

at  an  average  rate  of  from  2 to  5 per  minute.  This  condition  will  normally  occur  on  a tropo- 

scatter link  operating  with  barely  adequate  margin.  The  allowable  probability  of  existence 
of  such  a condition  should  be  specified  with  a value  based  on  Its  annoyance  to  the  user. 

• Range  V.  Outages  with  duration  greater  than  2 minutes  or  recurrent  outages  of  any  duration 

which  occur  more  frequently  than  5 per  minute.  The  duration  of  any  such  outages  or  period 
of  recurrent  outages  should  be  Included  In  the  total  unavailability  specification  since  the 
channel  Is  considered  essentially  unusable.  The  outages  described  by  this  range  will  normally 
occur  on  a troposcatter  link  with  long-term  fading  In  excess  of  the  fade  margin. 

In  sunmary.  It  Is  proposed  that  the  basic  performance  parameter  of  digital  voice  channels  In  the 

digital  transmission  system  be  described  by  the  probability  of  occurrence  of  temporally  grouped  errors 
whei’e  such  an  error  grouping  Is  called  a ’fade  outage1.  A fade  outage  Is  defined  In  terms  of  a diversity 
signal  to  noise  ratio  threshold  corresponding  to  a 1CM  bit  error  probability.  Five  ranges  of  fade  outage 
conditions  are  defined,  one  of  which  Is  considered  to  be  negligible  (Range  I),  one  of  which  Is  of 
sufficient  duration  to  be  Included  In  the  unavailability  specification  (Range  V)  and  three  (Ranges  II,  111 
and  IV)  which  are  proposed  to  be  controlled  by  separate  probability  of  occurrence  specifications  which 
consider  the  disturbing  effect  of  the  specific  outage  ranges  addressed.  These  measures  of  channel  quality 
have  the  considerable  advantage  over  either  average  bit  error  rate  of  availability  In  that  they  actually 
reflect  the  types  of  fading  phenomena  which  occur.  As  an  example,  outage  probabilities  for  each  of  the 
relevant  outage  ranges  have  been  established  for  Defense  Comnunl cat  Ions  System  (DCS)  digital  troposcatter 
links.  These  probabilities  are  listed  In  Table  1 and  will  be  used  to  illustrate  the  proposed  digital 
troposcatter  link  design  procedure.  Other  outage  probabilities  are  possible  based  on  different  system 
designs. 


The  troposcatter  channel  Is  generally  viewed  as  having  a compound  fading  characteristic  with 
short  term  Rayleigh  fading  impressed  on  a longer  diurnal  and  annual  fading  distribution.  Historically, 
the  performance  of  analog  troposcatter  links  was  related  to  the  percentage  of  time  that  a particular- 
short  term  average  Signal -to- Noise  Ratio  (SNR)  could  be  maintained  out  of  the  longer  term  fading 
ensentole  (l.e.,  time  availability).  The  essence  of  this  convention  will  be  continued  here. 

Since  methods  for  the  prediction  of  the  long-term  distribution  of  short  term  SNR  are  extensively 
covered  In  existing  literature  [3],  [4],  It  Is  unnecessary  to  further  explore  this  area.  The  following 
paragraphs  will  Instead  concentrate  on  the  characterization  and  specification  of  short  term  digital 
performance  (e.g.,  on  a per  call  basis)  as  a function  of  the  short  term  SNR.  This  parameter,  short  term 
SNR,  will  be  deonted  by  the  syntol  v0.  The  -r0  necessary  to  obtain  a specified  short  term  performance 
(here  described  on  the  basis  of  outage  rates  and  duration)  will  then  be  described  In  unavailability 
fashion  (l.e.,  to  be  maintained  for  all  hut  a certain  percentage  of  time)  for  various  digital  troposcatter 
transmission  configurations.  The  link  performance  criteria  to  be  used  to  Illustrate  this  characterization 
are  given  In  Table  1 and  are  based  on  the  mix  of  transmission  media  utilized  In  the  DCS.  A quad  diversity 
troposcatter  system  Is  modeled  against  these  criteria  with  the  most  demanding  criteria  (In  the  long-term 
sense)  determining  the  link  design  requirements.  Since  outage  statistics  are  dependent  on  the  fade  rate 
of  the  transmission  channel,  link  performance  will  be  characterized  to  mean  fade  rates  of  .1  and  5 Hz. 

This  range  of  mean  fade  rates  Is  Inclusive  of  the  fading  characteristics  observed  on  most  l,  S and  C-Band 
troposcatter  links. 


TABLE  1.  DCS  PCM  VOICE  PERFORMANCE  CHARACTERISTICS 


OUTAGE  RANGE 


B 

CRITERIA 


II 

III 

IV 


.2  sec  < outage  < 5 sec. 
5 sec  < outage  < 1 min. 
2 < outages/mln.  < 5 
5 < outages/mln. 


OUTAGE  PROBABILITY 
7.5-10'4 


7.5- 10' 

2.5- 10 
MO'4 


-3 


\ 


V 
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Under  the  assunptions  of  Rayleigh  law  fading,  maximal  ratio  diversity  confining  and  a neglibable 
intersymbol  interference  penalty,  the  conditional  probability  that  a digital  channel  traversing  a digital 
troposcatter  link  will  fall  below  the  10-4  bit  error  probability  threshold  can  be  determined  via  the 
expression  previously  derived  in  [$].  This  probability,  (PQ I •*  , ) . is  given  by 

{po|,o)  * 1 • b farm 

where  ( P | ■»  ) * probability  of  an  outage  given  a short-term  SNR,  > * ' 

o o o 
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The  above  value  for  m is  the  product  of  the  ratio  of  the  transmitted  bandwidth  to  the  channel  frequency 
correlation  banckxidth  and  the  order  of  explicited  diversity  of  the  link.  The  value  of  m thus  accounts 
for  the  presence  of  an  "Implicit  diversity"  advantage.  Digital  troposcatter  modems  take  advantage  of 
decorrelated  fading  between  various  portions  of  the  transmitted  spectrum  to  gain  this  additional 
diversity  advantage.  At  multimegabit  rates,  most  medium  lenqth  quad  diversity  troposcatter  paths  are 
expected  to  provide  an  effective  implicit  diversity  gain  (m)  on  the  order  of  two  resulting  in  a total 
equivalent  diversity  of  eighth  order. 

Expression  (1)  Is  based  on  the  relationship  between  bit-error- rate  and  mean  SNR  for  DPSK 
modulation.  This  allows  the  statement  of  outage  probability  in  terms  of  which  is  the  parameter 

normally  used  in  troposcatter  link  design.  A conversion  factor  is  provided  later  to  allow  conversion  of 
the  finally  derived  link  design  requirements  to  any  other  type  of  modulation.  Figure  1 is  a plot  of  (1) 
illustrating  (Po|v  ) for  quad  diversity  operation.  Also  shown  In  Figure  1 are  measured  data  points 
taken  during  9.4  f4>/s  link  tests  of  the  Megabit  Digital  Troposcatter  Subsystem  (MDTS) . The  MOTS  employs 
Adaptive  Decision  Feedback  Equalization  (ADFE)  to  mitigate  the  effects  of  intersynbol  Interference  and 
provide  an  implicit  diversity  gain.  The  tests  were  conducted  on  a 168  mile  troposcatter  link  in  the 
4. 4-5.0  GHz  military  band. 


Havinq  characterized  cumulative  outage  probability,  it  is  now  appropriate  to  examine  the 
temporal  distribution  of  outages.  Again  using  the  expressions  developed  in  [5],  conditional  outage  rate 
and  duration  statistics  can  be  expressed  for  diversity  troposcatter  transmission. 


• Mean  Outage  Rate 

n • 2.4«m'/2d 

0 


l t 

_ R*2  (R-1)! 

» — 1-t 


(sec  ■') 
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where  t,  b and  m are  as  defined  previously  and  N Is  defined  as  the  mean  channel  fade  rate  In  Hz.  The 
Nean-Time-Between-Fade  Outage  (KTBFO)  for  troposcatter  can  then  be  expressed  as  1__. 


• Mean  Outage  Duration 

Knowing  KTBFO  and  P , the  mean  duration  of  an  outage,  t0>  can  be  expressed  as 

tQ  * P0  • "^0  <sec)  <3) 

The  distribution  of  fade  durations  relative  to  the  mean  can  be  determined  from  assumptions  of  a narrow- 
band  process  and  expressed  as  derived  In  [6]  by 


P(t)  * j I.  (~^j)  • exp  [-  -^] 
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where  u ■ t/tp,  1]  Is  the  modified  Bessel  function  of  the  first  order  and  P(t)  Is  the  probability  that 
an  outage  will  have  a duration  of  t seconds  or  less.  Figures  2,  3 and  4 Illustrate  the  relationship  of 
n0»  V and  P(t)  to  yg. 

The  Mean-TIme-Between-Fade  Outages  (KTBFO)  with  duration  t^  * t * tp  can  then  be  calculated  by 
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The  above  discussion  led  to  expressions  for  the  relationship  between  yp  and  probability  of  fade 
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outage  per  cal  1 -minute.  This  expression  determines  the  short  term  5KR  needed  to  meet  the  first  two 
performance  requirements  o * Table  1.  Under  certain  conditions  of  y„  and  mean  channel  fade  rate,  the 
troposcatter  channel  will  fade  rapidly  enough  to  cause  several  short  fade  outages  per  minute,  hence  the 
third  and  fourth  requirements  In  Table  1.  The  probability  that  between  two  and  five  fade  outages  will 
occur  during  a minute  and  the  orobablllty  tna<  greater  than  five  fade  outages  will  occur  during  a 

minute  can  be  obtained  from  (2)  be  determining  the  values  of  yQ  for  which 
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The  preceding  paragraphs  have  described  expressions  relating  the  occurrence  probability  of  the 
various  outage  ranges  tabulated  In  Table  1 conditioned  on  a particular  value  of  iQ.  Since  y0  Is  In 
itself  a time  varying  parameter.  It  is  characterized  by  a probability  distribution  and  Is  normally 
expressed  In  the  form  of  a time  availability.  The  total  probability  of  occurrence  of  a particular  outage 
range  from  Table  1 is  estimated  by  the  probability  of  attaining  a partcular  y0  or  worse  multiplied  by  the 

probability  of  outage  occurrence  given  y0.  Since  the  latter  probability  is  a steep  function  of  y0  (see 

Figure  1),  the  probability  of  outage  occurrence  during  a typical  call  holding  time  goes  rapidly  from  a 
very  low  value  to  a value  near  unity  over  a small  range  of  >0.  Thus,  It  Is  as'umed  that  the  most  likely 
occurrence  of  an  outage  during  a call  results  from  the  channel  y0  falling  to  the  level  where  the  probability 
of  outage  occurrence  given  that  level  of  y0  Is  very  nearly  unity.  Based  on  this  assumption,  values  of  y0 

have  been  chosen,  for  each  of  the  outage  ranges  of  Table  1,  which  result  In  a near-unity  probability  of 

occurrence  for  that  outage  range  during  a nominal  call  holding  time  (5  minutes).  These  values  of  y0  are 
listed  In  Table  2.  The  corresponding  unavailability  requirements  (1  minus  time  availability)  are  then 
simply  the  outage  probability  requirements  of  Table  1.  Table  2 thus  represents  a set  of  candidate 
combinations  of  y0  and  unaval labi 11 ty , R,  where  each  combination  satisfies  one  of  the  requirements  state- 
ments of  Table  1.  The  dominant  requirements  for  each  digital  troposcatter  transmission  configuration 
can  then  be  determined  by  using  the  long-term  distribution  of  y0  to  find  which  of  the  candidate  require- 
ments of  Table  2 requires  the  most  system  gain. 

The  distribution  describing  the  lonq-term  variation  of  y Is  generally  assumed  to  be  loq  normal, 
i „ o 


P(r0) 


7^  exp- 
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where  P(y  ) Is  the  probability  distribution  function  of  >0,  y Is  as  previously  defined,  y Is  the  long- 
term ( 1 . eV , yearly)  SfiE  and  o is  the  standard  deviation  of  v0"'about  y.  As  seen  in  Figure  5,  most  tropo- 
scatter paths  will  exhibit  standard  deviations  between  4 and  8 dB. 


Based  on  observations  of  the  slope  of  the  long  term  y0  distribution  as  evidenced  in  this 
figure,  and  the  candidate  y0  values  tabulated  in  Table  2,  It  Is  obvious  that  the  most  stringest  long- 
term requirements  are  represented  by  the  Range  V outage  requirement  In  C-Band  and  either  the  Range  II 
or  Range  III  ••equirement  in  L or  S Band,  depending  on  the  value  of  c for  a particular  L or  S Band  path 
The  o of  each  L or  S Band  troposcatter  path  to  be  digitized  should  be  calculated  to  determine  whether 
that  particular  path  should  be  designed  to  Range  II  or  Range  III  requi rements. 


TABLE  2.  CANDIDATE  y * REQUIREMENTS  FOR  DIGITAL  TROPOSCATTER  LINKS 
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BAND  DIVERSITY  y (DB)  EXCEEDED  ALL  BUT  R PCT  OF  TIME 
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L 

(790-960  1*12 ) 

R i ! ■ -075 

Rj  j j - .0075 

R]V  - .25  RV  * .01 

S 

(1. 7-2.4  GHZ) 

QUAD 

10 

5 

4 

N/A 

C 

(4. 4-5.0  GHZ) 

QUAD 

5 

N/A 

9 

8 

* (WITHOUT  IMPLEMENTATION  MARGIN) 


As  a general  rule,  for  values  of  o less  than  6 dB,  the  most  stringest  design  requirement  Is 
given  by  the  Range  II  y0  and  associated  time  unavailability  requirement.  For  most  L and  S Band  links. 

It  Is  expected  that  the  long-term  SN5  requirements  for  Range  II  will  dominate  and  therefore  It  Is 
expected  that  most  L and  S Band  digital  troposcatter  links  will  be  designed  to  satisfy  Range  II  require- 
ments. The  resultant  values  of  y0  and  their  associated  time  unavailabilities,  selected  from  Table  2 in 
accordance  with  this  rationale,  are  presented  In  Table  3.  Design  of  digital  troposcatter  links  to  the 
requirements  tabulated  In  Table  3 should  Insure  meeting  the  dominant  outage  probabilities  and  exceeding 
all  others.  It  should  be  emphasized  that  the  link  design  requirements  Indicated  In  Table  3 were  derived 
directly  from  the  choice  of  link  performance  criteria  listed  earlier  In  Table  1 and  reflect  end  to  end 
performance  objectives  and  mix  of  transmission  media  appropriate  to  the  DCS.  Transmission  media 
utilizations  peculiar  to  other  system  designs  may  differ  from  that  considered  for  the  DCS.  A difference 
In  the  percentage  of  total  channel  miles  attributed  to  troposcatter  transmission  will  be  reflected  in 
the  choice  of  different  link  outage  probabilities  from  that  listed  In  Table  1.  This,  in  turn,  may 
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result  In  a slight  change  In  the  link  design  requirements  sunmarized  in  Table  3. 

The  derivation  of  the  troposcatter  link  desiqn  criteria  related  above  was  based  on  the 
assuavtion  that  OPSK  modulation  is  used.  To  effect  a translation  to  other  digital  modulation  techniques, 
a factor  which  represents  the  ratio  In  dB  between  the  non-fading  5Nfi  of  OPSK  at  a bit  error  probability 
of  10*A  and  the  non-fading  5SR  corresponding  to  a 10'4  bit  error  probability  for  the  alternate  technique 
must  be  added  to  the  values  shown  in  Table  3. 

On  links  with  little  dispersion  (e.g.,  short  diffraction  paths)  where  the  maintenance  of  at 
least  dual  implicit  diversity  during  periods  of  high  long-term  path  loss  is  doubtful,  alternate 
performance  criteria  are  required.  This  links  should  be  Implemented  in  quad  diversity  and  will  require 
a value  of  > that  is  approximately  5 dB  greater  than  that  specified  in  Table  3 since  no  implicit 
diversity  gain  will  be  achieved  and  there  will  be  no  Inband  diversity  power  sharing. 


TABLE  3. 

y DCS  DIGITAL  TROPOSCATTER  LINK 
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2.2  The  Data  Channel 

Host  modem  data  transmission  system  separate  the  data  to  be  transmitted  into  blocks  for  error 
control  purposes.  A parameter  of  interest  to  the  data  user  is  the  percentage  of  such  blocks  which  are 
transmitted  with  no  errors.  In  a system  using  ARQ  error  control  techniques,  all  blocks  which  are  not 
error-free  must  be  retransmitted.  In  a system  using  error  correction  coding,  a small  number  of  errors 
can  be  corrected,  but  blocks  with  a large  number  of  errors  must  be  retransmitted.  The  performance  of 
data  transmission  channels  can  be  usefully  described  by  the  probability  of  fade  outage  requirements 
described  in  the  preceding  section,  supplemented  by  an  error- free  block  requirement.  The  composite 
specification  then  describes  the  Incidence  of  outages  where  a nunber  of  adjacent  blocks  are  affected  by 
errors  as  well  as  the  total  percentage  of  data  blocks  which  are  expected  contain  errors. 

Due  to  the  steepness  of  the  expression  for  bit  error  probability  as  a function  of  SNR,  the 
probability  of  receiving  a data  block  of  n bits  duration  with  at  least  one  error  Is  very  nearly  given  by 
the  probability  that  the  bit  error  probability  is  1/n  or  worse.  Thus,  from  equation  (1) 


P(BE | >q)  * Probability  of  receiving  a block  in  error  given  a short  term  SNft,  yo 


‘6  * *ln  bB 

m ■ 8,  for  quad  diversity 

The  total  probability  of  occurrence  of  a non  error  free  block  is  determined  by  the  probability  of 
attaining  a particular  y0  or  worse  multiplied  by  the  probability  of  block  error  occurrence  given  y0.  Since, 
for  high  orders  of  diversity,  the  latter  probability  Is  a steep  function  of  y0  (see  Figure  6),  the 
probability  of  a block  error  goes  rapidly  from  a very  low  value  to  a value  near  unity  over  a small  range 
of  y0.  Thus,  it  is  assumed  that  the  most  likely  occurrence  of  a block  error  results  when  the  channel  y0 
is  very  nearly  unity. 

I.e..  P(BE)  * P(B£|vo)P(yo)  (9) 

where  P(BE | >o ) ■ 1 and  P(yq)  is  given  by  (7) 

For  a typical  data  block  of  103  bits.  Figure  6a  illustrates  the  expected  distribution  of  block 
error  probability  given  y9.  An  interesting  conclusion  resulting  from  (9)  is  that  for  most  system  designs, 
digital  channel  voice  quality  requirements  appear  to  require  more  system  gain  than  data  c ..nnel  quality 
requirements.  This  conclusion  stems  from  the  observation  that  the  link  design  requirements  listed  in 
Table  3 (which  were  derived  based  on  PCM  voice  considerations)  will  result  in  an  overall  block  error 
probability  on  the  order  of  10*’  as  expected  over  an  operating  year  on  a single  link.  Thus  an  extremely 
large  nwber  of  troposcatter  links  can  be  tandemed  while  still  perserving  an  excellent  block  error 

probability  on  an  end  to  end  basis.  Most  transmission  systems  can  afford  to  have  relatively  relaxed  data 

perfonaance  requirements  since  the  performance  of  most  record  and  data  systems  is  more  strongly  affected 
by  message  preparation  and  delivery  times  and  only  weekly  affected  by  data  block  retransmissions.  Thus 
a reduction  in  the  effective  bit  rate  of  a data  system  due  to  excessive  data  block  retransmissions,  when 

they  occur,  will  not  In  most  cases  notably  affect  its  overall  performance. 

The  formulation  of  block  error  probability  given  in  (8)  does  not  consider  the  effects  of 
correlated  bit  errors  due  to  the  slow  fading  experienced  on  troposcatter  links.  One  would  expect 
significant  correlation  between  bit  errors  in  troposcatter  communication,  particularly  at  moderate  to  low 
values  of  y . Thus  it  was  appropriate  to  obtain  experimental  data  to  estimate  the  error  suffered  by 
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using  (8)  In  the  design  of  digital  troposcatter  links.  Figure  6b  represents  the  results  of  7.0  Mb/s 
tests  conducted  using  the  Distortion  Adaptive  Receiver  (OAR).  The  blocks  were  of  100  msec  in  duration 
an  thus  contained  7- 10*  bits.  Although  this  length  is  larger  than  that  normally  found  on  terrestrial 
systems,  it  was  experimentally  convenient  to  generate  it.  What  is  intere.tino  about  Figure  bb  is  that 
(8)  bounds  the  conditional  block  error  probability  relatively  well  even  with  extreme  block  length  used. 

It  is  expected  that  the  order  of  implicit  diversity  actually  achieved  during  these  tests  was  sufficient 
high  so  as  to  significantly  reduce  the  correlation  between  bit  errors.  For  data  block  lengths  of  the 
more  normal  variety,  (8)  is  thus  expected  to  provide  an  even  closer  bound.  Thus,  (8)  nas  been 
provisionally  accepted  for  use  in  the  engineering  of  DCS  digital  troposcatter  links. 

The  capability  to  utilise  implicit  diversity  provides  a significant  performance  enhancement 
without  necessitating  additional  system  gain  in  the  form  of  higher  transmitter  powers  or  more  diversity 
receivers.  An  interesting  facet  of  this  concept  is  that  for  a given  order  of  explicit  diversity  (e.g., 
nixnber  of  diversity  receivers),  the  digital  troposcatter  link  performance  actually  improves  as  the  bit 
rate  increases  as  long  as  the  design  limits  of  the  technique  are  not  exceeded.  Fiqure  7,  taken  during 
tests  of  the  DAR  modem,  illustrate  the  performance  improvement  attributable  to  the  i nip  licit  diversity. 

In  Figure  7,  3.5  and  7.0  Ft>/s  error  free  block  performance  is  shown  as  a function  of  nean  bit  error  rate. 

At  a mean  bit  error  rate  of  10'^  approximately  94  percent  of  all  data  blocks  transmitted  were  received 
as  error  free  at  710  Mb/s  while  at  3.5  Mb/s  only  about  76  percent  of  all  transmitted  data  blocks  were 
error  free. 

3.  SYSTEM  SYNCHRONIZATION  FOR  DIGITAL  TROPOSCATTER  LINKS 

The  design  of  digital  troposcatter  links  must  account  for  the  effects  of  fading  on  the  performance 
of  the  TOM  equipment  used  to  develop  the  multimegabit  trunk  transmission  rates.  Figure  8 illustrates  a 
hypothetical  digital  troposcatter  synchronization  section  composed  of  a digital  troposcatter  link  and 
representative  Pulse  Code  Modulation  (PCM)  channel  banks  and  a Level  2 Asynchronous  Time  Division 
Multiplexer  (TOM).  Because  of  the  inherent  network  flexabil  ities  afforded  by  the  Asynchronous  Tr,M.  the 
hypothetical  synchronization  section  of  Figure  8 will  postulate  this  equipment  for  use  in  deve’opi',.  -he 
final  transmission  trunk  rates. 

If  a loss  of  synchronization  occurs  at  any  of  the  interfaces  illustrated  in  Figure  1,  the  traversing 
digital  channels  will  experience  a period  of  unavailability  lasting  until  synchronization  is  reestablished. 
Moderti  TDM  digital  equipments  will  reestablish  synchroni zation  in  less  than  50  msec  [6]  once  the 
traversing  channels  are  above  the  outage  threshold.  Further,  the  mean  outage  duration  for  well  designed 
digital  troposcatter  links  will  be  on  the  order  of  a few  hundred  milliseconds.  Thus  isolated  synchroni- 
zation losses  will  represent  a negligable  incremental  unavai 1 abi li ty  penalty  to  the  design  of  digital 
troposcatter  links.  Of  more  importance  is  the  frequency  at  which  synchronization  can  be  expected  to  be 
lost  since  repeated  synchroni zation  losses  which  are  not  isolated  can  result  in  a significant  system 
availability  penalty.  This  section  will  review  a method  for  predicting  the  mean  time  between  loss  of 
synchronization  or  Bit  Count  Integrity  (BCI)  for  the  digital  equipments  used  on  digital  troposcatter  links. 
Reference  will  be  made  to  actual  link  synchronization  performance  data  which  was  obtained  during  digital 
troposcatter  system  tests  accomplished  between  January  - February  1976  using  digital  equipments 
functionally  similar  to  those  which  will  be  applied  to  the  DCS. 

3.1  Synchronization  of  the  Level  2 TDM 

The  Interface  between  the  Level  2 TDM  and  the  radio  is  synchronous  since  both  data  and  timing 
transit  this  Interface  and  the  bit  rate  of  the  TDM  is  known  to  the  accuracy  of  the  timing  signal.  Loss 
of  BCI  can  occur  in  the  second  level  TDM  due  to  a loss  of  BCI  in  the  digital  troposcatter  radio  facility 
or  a loss  of  BCI  occuring  in  the  TDM  Itself.  Loss  of  synchronization  or  BCI  in  the  radio  facility  has 
been  demonstrated  to  be  extremely  rare  and  therefore  loss  of  BCI  in  the  level  two  TDM  will  be  assumed  to 
originate  exclusively  in  the  TDM.  The  major  cause  of  potential  BCI  loss  in  the  second  level  TDM  results 
from  a lack  of  correlation  between  the  received  TDM  frame  pattern  and  the  locally  stored  replica.  This 
lack  of  correlation  can  occur  because  transmission  errors  alter  the  received  frame  pattern  to  give  the 
impression  that  an  actual  loss  of  BCI  has  occured.  Recognizing  this,  most  TDM  equipments  maintain 
synchronization  by  permitting  a certain  degree  of  frame  decorrelation  to  exist  as  long  as  a prescribed 
correlation  threshold  is  not  exceeded.  Correlation  is  typically  determined  by  identifying  the  number  of 
frame  bits  which  are  received  in  error  and  relating  this  number  to  the  permitted  number  of  frame  errors. 

If  the  received  frame  error  count  is  greater  than  the  threshold  count,  loss  of  BCI  is  declared.  Certain 
TDM  designs  will  further  delay  a loss  of  BCI  declaration  by  additional  accumulation  and  processing  of 
individual  frame  decorrelation  events. 

Unfortunately  most  TDM  equipments  have  been  designed  on  the  basis  of  a nonfading  channel  model 
and  therefore  their  ability  to  maintain  BCI  can  be  degraded  by  the  higher  bit  error  densities  associated 
with  fading  channels.  The  effect  of  this  degradation  will  be  quantified  by  a parameter  called  Mean  Time 
Between  Loss  of  BCI  (MTLBCI)  and  will  be  related  to  link  design  through  a review  of  previous  work  at 
DCEC  [7]  Including  measured  data. 

Utilizing  an  expression  previously  derived  in  [5]  it  is  possible  to  develop  estimates  of  the 
MTLBCI  for  any  TDM  design.  In  general,  the  probability  that  a loss  of  frame  will  be  declared  at  the 
synchronous  Level  2 TDM/Digital  Troposcatter  interface  can  be  expressed  for  small  frame  lengths  as 


q - (>X  (l-p)n_X  00) 

where  n ■ frame  length  in  bits 
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x * frame  correlation  threshold  in  bits 
p » probability  of  bit  error 


In  order  to  estimate  the  BCI  performance  of  TDM  equipments  In  troposcatter  applications,  the 
fading  statistics  of  the  channel  must  be  considered.  A mean  probability  of  frame  loss,  q,  can  be 
calculated  given  a suitable  density  function  for  the  bit  error  probability.  Such  a function  was  derived 
In  [5]  and  was  utilized  earlier  In  this  paper  to  obtain  (1).  Thus 


(>*  (l-p)n 


p(p)dp 


where  p(p)  Is  the  density  function  derived  In  [5]  which  describes  the  occurrence  probability  of  a particular 
range  of  bit  error  probability.  For  quad  diversity,  p(p)  Is 


p(  P ) dp 
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where  p Is  the  bit  error  probability  and  n^  and  yq  are  as  defined  in  (1). 

The  Mean  Time  to  Loss  of  BCI,  MTLBCI,  can  then  be  conservatively  estimated  as 

MTLBCI  < -L  (13) 

where  N,  Is  the  frame  rate  in  b/s.  Figure  9 shows  MTLBCI  calcualted  for  the  AN/GSC-24  as  a function  of 
y0«  Also  shown  in  Figure  9 are  MTLBCI  data  points  measured  with  the  AN/GSC-24  TDM  operating  at  6.3  Mb/s 
over  a 168  mile  quad  diversity  digital  troposcatter  link.  Note  that  at  the  values  of  y0  specified  in 
Table  3,  the  predicted  MTLBCI  will  be  of  little  concern  in  the  design  of  digital  troposcatter  links. 

3.2  Synchronization  of  the  PCM  Channel  Bank 

The  interface  between  the  Level  2 TDM  and  the  PCM  channel  bank  will  likely  be  synchronous  for  at 
least  an  initial  set  of  DCS  applications.  Since  this  interface  will  be  asynchronous,  loss  of  BCI  can 
result  In  the  PCM  channel  bank  from  two  distinct  phenomena.  The  first  phenomena  Is  seen  to  result  from 
the  identical  situation  previously  discussed  with  respect  to  the  Level  2 TDM,  viz  Insufficient  frame 
correlation.  Thus  the  determination  of  MTLBCI  induced  due  to  frame  word  decorrelation  for  an  arbitrary 
PCM  channel  bank  design  can  be  accomplished  in  the  manner  similar  to  that  outlined  for  the  Level  2 TDM. 
Such  a determination  was  made  for  the  TD-968,  PCM  Channel  Bank  and  is  shown  in  Figure  10.  The  TD-968 
differs  slightly  from  normal  PCM/TDM  designs  in  that  it  accumulates  Individual  Instances  of  frame 
decorrelation  prior  to  a loss  of  BCI  during  fading.  Expression  11  was  adapted  to  Include  this 
capability  by  replacing  the  expression  for  q with  an  expression  which  considered  frame  error  accumulation. 

Of  greater  Importance  Is  the  possibility  that  loss  of  BCI  could  occur  in  the  PCM  bank  due  to 
errors  in  decoding  asynchronous  port  stuff  control  words  by  the  Level  2 TDM.  To  enable  the  efficient 
multiplexing  of  asynchronous  (or  time  varying)  source  bit  rates,  the  pulse  stuffing  asynchronous 
multiplexing  technique  is  generally  used.  This  technique  is  Implemented  by  buffering  each  source  and 
sampling  the  buffers  a,  a synchronous  rate  which  Is  greater  than  the  maximum  expected  input  rate.  Stuff 
bits  are  added  at  specified  opportunities,  when  the  sampling  rate  overtakes  the  Input  rate.  The  receive 
side  of  the  Level  2 TDM  must  properly  decode  each  stuff  bit  to  derive  the  correct  asynchronous  source 
rate.  Incorrect  decoding  of  these  stuff  commands  because  of  fading  induced  errors  will  cause  loss  of 
BCI.  In  order  to  protect  against  potential  losses  of  BCI,  each  stuff  bit  is  normally  signalled  by  an  n 
bit  (n  * 3,  5,  7,  9,...)  code  where  the  correct  polarity  of  the  stuff  control  bit  (1  = stuff  bit 
transmitted,  0 = no  stuff  bit  transmitted)  results  from  a majority  logic  decision  rule.  As  an  example, 
the  standard  CCITT  Level  2 TDM  design  employs  a 3 bit  stuff  code.  MTLBCI  due  to  stuff  word  error  can  be 
calculated  by  using  (11)  with  only  a slight  modification.  Specifically,  the  effect  of  the  majority  logic 
decision  rule  can  be  considered  by  letting 


MTLBCI  due  to  incorrect  stuff  command  decoding  has  been  calculated  as  a function  of  y0  For  the 
AN/GSC-24  TDM  and  Is  shown  In  Figure  10.  It  should  be  remembered  that  although  the  stuff  command  decoding 
error  occurs  In  the  Level  2 TDM  loss  of  BCI  results  only  In  the  PCM  channel  bank.  Figure  10  shavs  that 
at  the  AN/GSC-24  TDM  and  the  TD-968  PCM  channel  bank  Interface  the  overall  MTLBCI  Is  dominated  by  the 
probability  that  loss  of  BCI  will  occur  due  to  stuff  command  error.  This  will  be  generally  true  for  most 
asynchronous  interface  designs  since  the  probability  of  BCI  loss  due  to  frame  decorrelation  can  be 
minimized  by  externally  Inhibiting  frame  loss  declaration  via  the  use  of  Inservice  performance  monitoring 
techniques.  Also  shown  In  Figure  10  Is  the  result  of  6.3  Mb/s  system  tests  which  were  accomplished  on  a 
168  mile  digital  troposcatter  link.  Note  that  for  the  link  design  criteria  stated  in  Table  1,  loss  of 
BCI  In  the  PCM  channel  bank  will  not  noticably  contribute  to  the  unavailability  of  a traversing  communica- 
tions channel. 

4 . CONCLUSIONS  AND  AREAS  FOR  FURTHER  STUDY 

The  system  engineering  presented  herein  represents  an  initial  but  nevertheless  unique  attempt  to 
quantitatively  describe  digital  troposcatter  transmission  performance  in  user  relevant  terms.  This 
treatment  differs  conceptually  from  currently  used  analog  transmission  practices  which  relate  performance 
only  In  cummulative  terms  without  specific  regard  to  the  temporal  distribution  of  outages.  The  lack  of 
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a dosed  form  for  the  probability  of  error  density  function  for  the  ADFE  and  OAR  techniques  necessitated 
formulations  which  tend  to  bound  rather  than  truely  characterize  outage  statistics.  However,  It  Is  felt 
that  these  formulations  are  sufficiently  conservative  so  that  Initial  systems  can  be  Installed  with  a 
high  degree  of  confidence. 

Multlllnk  digital  troposcatter  operational  test  bed  systems  should  be  Installed  utilizing  the  link 
design  criteria  sunntarlzed  In  Table  3.  A serious  effort  should  then  be  expended  to  reexamine  these 
criteria  with  the  aim  of  possibly  reducing  the  system  gain  requirements  below  the  levels  Implied  by 
Table  3. 
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LEVEL  CONTROL  IN  TROPOSPHERIC  SCATTER  SYSTEMS 
B.  S.  SKINCLEY 

Marconi  Communication  Systems  Limited 
Chelmsford,  Essex.  England. 

INTRODUCTION 

A simple  automatic  level  control  technique  is  described,  which,  when  applied  to  receivers  in  a 
tropospheric  scatter  system,  is  able  to  improve  the  ability  of  the  system  designer  and  frequency 
planner  to  co-site  tropospheric  scatter  systems  closely  spaced  in  frequency. 

The  paper  also  shows  how  tropospheric  scatter  transmitters  can  be  adapted  to  minimise  interference 
to  other  users  during  periods  of  enhanced  propagation  conditions,  and  goes  on  to  describe  how  both 
techniques  may  le  accommodated  within  a given  transmission  path  to  provide  the  maximum  possible  protection, 
both  to  other  systems  and  to  the  link  or  network  in  question. 

RECEIVE  LEVEL  CONTROL 

a)  The  Problem 

Conventional  FM/FDM  LOS  Microwave  Systems,  with  their  limited  dynamic  range  requirements,  rely 
primarily  upon  I.F.  selectivity  to  limit  interference  noise  from  adjacent  channels.  Whilst  the 
R.F.  filter  can  give  additional  protection  at  channels  further  removed,  its  principle  function  is 
to  limit  interference  from  Transmitter  to  Receiver,  and  from  image  components  for  which  no  I.F. 
protection  oan  be  afforded. 

Tropospheric  scatter  systems  have  to  cope  with  a much  larger  dynamic  range  of  input  signal 
levels,  particularly  in  some  climatic  regions,  and  especially  in  the  up-fade  regions,  (l) 

Fig.1  illustrates  the  signal  level  variations  expected  in  the  North  Sea  (4).  The  high  level 
signals  encountered  for  short  time  periods  will  saturate  the  input  circuits  and,  for  closely 
spaced  multiple  input  signals,  as  are  encountered  on  densely  packed  systems,  interference  related 
inter-modulation  (IM)  products  are  created,  some  of  which  will  lie  within  the  pass-band  of  the 
I.F.  filter.  These  products  cannot  be  removed  by  Intermediate  frequency  filtering  alone,  and  an 
alternative  solution  is  required. 

This  problem  was  examined  in  some  detail  to  enable  an  optimum  solution  to  be  determined. 

Initial  thoughts  hinged  around  providing  much  more  selectivity  at  the  Radio  frequency  and  the 
possibility  of  providing  a radio  frequency  filter  with  the  required  characteristics  was  examined. 
System  considerations  involving  trade-offs  between  degradations  due  to  interference  noise,  inter- 
modulation noise  and  additional  loss  of  the  narrow  bandwidth  filter  were  examined  with  a frequency 
plan  using  3 MHz  carrier  spacing.  The  interference  characteristic  yielded  a requirement  to 
attenuate  adjacent,  unwanted  carriers  by  more  than  10dB,  without  increasing  the  insertion  loss 
by  more  than  2dB,  or  adding  more  than  100  pWp  to  the  worst  slot  of  a 72  channel  system.  A 
closer  examination  of  the  problem  revealed  that  a practical  filter  using  direct  coupled  W/g 
technique  could  be  made  to  meet  the  specification  providing  that  the  adjacent  carriers  were 
unmodulated.  Modulating  the  adjacent  carriers  reduced  the  protection  until  at  full  system 
deviation  spectral  overlap  occurred  and  the  protection  became  virtually  non-existant ; although 
protection  was  still  provided  for  carriers  further  removed.  This  effect  was  traced  to  the 
following  mechanisms: 

(i)  Reduced  protection  from  convolution  of  interference  spectrum  with  filter  response  curve. 

(ii)  Direct  Adjacent  Channel  Interference  (D.A.C.I.)  due  to  the  angle  modulation  on  the  interfering 
carrier  being  converted  to  amplitude  modulation  products  by  the  steep  skirts  of  the  filter,  which 
are  re-converted  to  phase  modulation  on  the  wanted  carrier  by  any  AM/PM  conversion  mechanism  in 
the  receiver. 

An  improved  solution  is  thus  required  which  can  provide  the  required  protection  in  a high  level 
closely  spaced  carrier  environment.  Since  an  R.F.  filter  cannot  provide  all  of  the  necessary 
protection,  the  I.F.  filter  must,  as  in  LOS  systems,  provide  the  greater  part  of  the  rejection 
characteristic.  In  order  for  this  to  be  a practical  proposition,  the  intermodulation  effects 
have  to  be  prevented  from  occurring  in  the  receiver  front  end.  This  can,  with  the  dynamic  range 
considered, only  be  achieved  by  preventing  the  input  signal  rising  above  critical  levels  by  the 
use  of  an  automatic  level  control  system. 

The  Intermediate  Frequency  filter  can  provide  greater  protection  to  adjacent  carriers  than  an 
R.F.  filter  as  the  insertion  loss  criterion  is  no  longer  a limiting  factor,  and  the  improved 
protection  is  obtained  by  increasing  the  number  of  sections,  and  hence  the  skirt  rejection. 

On  economic  grounds  the  above  technical  argument  is  vindicated  by  an  examination  of  the  costs 
of  manufacturing  R.F.  filters  to  the  accuracy  and  temperature  stability  required. 

b)  Laulflnentfltlaa 

The  level  control  system  is  implemented  by  providing  an  electrically  controlled  variable 
attenuator  in  the  aerial  input  to  each  receiver. 

The  minimum  loss  of  the  attenuator  is  obvioisly  critical,  as  it  directly  affects  the  system 
performance  during  periods  of  low  signal  level,  whilst  the  range  must  be  sufficient  to  cope  with 
the  largest  expected  up-fade. 


Consideration  of  ays  tarn  perf  orma  uoe  requirements  yields  i minimum  insert  ion  load  of  I IB  with 
» 4iXlB  range. 

The  a t tsnua 1 1 on  la  controlled  by  a signal  derived  f run  a detector  operating  at  Intermediate 
frequency . figure 

A critical  question  to  ta>  answered  la  whether  to  position  the  detector  before  or  after  the  1.1'. 
filter.  If  the  detector  la  peal  tl oiled  after  the  filter,  then  It  only  monitors  the  carrier  level 
and  Ignored  the  possibility  of  the  interfering  signal! s)  being  higher  than  ttie  wanted  carrier  and 
oausing  intereodula tion  products  on  carrier  due  to  their  higher  level.  On  ttie  other  hand, 
positioning  the  detector  before  the  filter  measures  total  power  passing  through  the  K.f.  filter. 
Whilst  this  gives  more  protection  from  Interfering  carriers,  it  can  produce  poor  performance 
during  periods  when  the  wanted  signal  la  fading  down  relative  to  the  intert'erera. 

A more  sophistloa ted  solution  would  detect  the  signal  power  at  both  ttie  input  and  output  of  ttie 
I.f.  filter  and  use  the  info  turn  tion  so  obtained  to  maximise  ttie  availability  of  the  wanted  signal 
whilst  minimising  ttie  level  of  the  unwanted  carriers  and  the  total  receive  power, 

Tne  level  oontrol  loop  acts  in  a similar  fashion  to  an  A. 0.0.  loop,  and,  when  incorporated  wt tl 
a complete  receiver,  compatibility  of  time  constants  lias  to  be  considered  between  ttie  level  oontrol 
systems,  and  the  conventional  A .0,0 . 

Serious  consideration  of  this  problem  suggests  that  the  level  oontrol  time  constants  should  be 
at  least  an  order  of  magnitude  greater  than  ttie  conventional  A.G.C.  In  practice  the  reoeiver 
A. 0.0,  is  dictated  by  the  maximum  fade  rate  expected,  and  is  typically  a few  milliseoonds  to  cope 
with  airoraft  fading.  The  level  Control  System  (KLC)  lias  only  to  cope  with  the  long  term  fading 
structure  and  a time  constant  a round  t second  is  considered  nlequate. 

o)  Improvement  Obtained. 

Studies  so  far  completed  suggest  that  the  use  of  KLC  with  improved  I.f.  filtering  will  cope 
with  all  interference  situations  envisaged  in  the  North  Se  i where  Kx  aignsl  levels  up  to  ♦ISdKm 
can  be  expected  for  short  periods. 

Assuming  a uniform  closely  spaced  frequency  plan,  witli  frequency  spacing  f of  the  same  order 
as  the  I.f.  filter  fg , then  sufficient  attenuation  will  be  produced  Is  the  I.F.  filter  to  enable 
high  isgntive  0 1 ratios  to  be  handled,  provided  that  Keoeive  bevel  Control  is  employed  to 
maintain  the  front  end  of  the  Keoeiver  in  the  linear  region. 

awam  i&dtk 

Tropospherio  scatter  systems  have  to  be  engineered  to  meet  exacting  availability  targets,  frequently 
as  high  as  ‘M.'Mflf.  High  oirotii  t availability,  usually  defined  in  terms  of  an  acceptable  signal— nol se 
ratio  ( .N  .K . ) , or  otiaiuiel  data  bit  error  rate  (R.K.R.),  implies  the  use  of  the  highest  practical  level 
of  transmitter  power  consistent  with  system  economics,  whilst  consideration  of  interference  into  other 
systems  requires  the  opposite  approach. 

The  efficiency  of  the  scattering  mechanism  in  the  troposphere  varies  widely  during  the  course  of  the 
year  and,  for  the  frequency  ranges  in  question,  (?i\'  Mils  - l> .0  QHa)  the  lon<,  term  fading  characteristic 
can  give  up  to  IfOdB  between  the  aixi  the  0,  levels  (fig.l),  Thus  the  transmitted  signal  is,  for 

considerable  periods  of  the  year,  higher  ttian  required,  substantially  increasing  the  probability  that  it 
will  interfete  with  other  communication  systems. 

Whilst  this  also  applies  to  b.O.S.  at  t broadcast  transmission  at  ranges  in  excess  of  liV  Win,  we  are 
here  concerned  with  tropospheric  soatter  systems  with  high  radiated  power  which  operate  in  frequency 
bands  where  the  largest  variations  ooour. 

These  t'aots  have  contributed  to  a reluotanoe  on  the  part  of  some  regulatory  authorities,  particularly 
those  with  an  already  crowded  electro-magnetic  spectrum,  to  allow  tropospherio  scatter  systems  to  operate 
within  their  sphere  of  influenoe. 

A level  oontrol  system  has  been  devised  to  minimise  these  effects  by  reducing  the  t ranami t ted  power 
during  periods  of  low  path  loss  when  an  unacceptably  high  signal  would  have  been  received  both  by  the 
receiver  and,  as  an  interfering  signal,  by  other  systems. 

The  effect  of  this  system  is  to  modify  the  received  signal  distribution  to  attenuate  the  higher 
levels  as  shown  in  fig, 5,  which  also  gives  a considerable  reduction  in  interference  to  other  systems 
since  there  is  generally  a high  correlation  between  periods  of  high  signal  strength  along  any  given  pa t In 

Tula  reduction  of  interference,  by  employing  a Transmit  level  Control  System,  oan  be  used  to  minimise 
interference  between  existing  systems  or  it  can  be  used  from  the  planning  stage  to  reduce  the  co- 
ordination distance  between  systems. 

The  first  of  these  systems  is  currently  operating  oil  all  ' hops  of  the  tropospherio  soatter  system 
between  EKofiak  Oil  and  das  Production  Centre  in  the  North  Sea,  and  Kuiden  in  Northern  Germany.  The  use 
of  a oorrectly  designed  level  oontrol  system  was  instrumental  in  obtaining  the  permission  of  the 
regulatory  authority  to  implement  a tropospherio  scatter  system  in  the  congested  ether  of  t tie  N or t tiers 
European  sub  oon 1 1 nen t. 
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Operation  of  the  level  oontrol  system  is  controlled  by  detecting  the  received  signal  immediately 
after  the  intermediate  frequency  filter;  the  d.o.  signals  so  obtained  being  fed  to  comparator  circuits, 
ehioh  establish  upper  and  lover  trigger  levels  for  the  poser  oontrol  operation.  1 'window'  is  thus 
established  in  terms  of  received  carrier  levels.  For  carrier  levels  below  the  window  an  'increase 
power'  command  is  sent  to  the  transmitter;  as  the  received  carrier  rises  through  the  'window'  the 
oommand  is  first  changed  to  'hold  power*  and  finally  to  decrease  power  as  the  carrier  level  pisses  out 
of  the  window  above  the  seoond  trigger  point. 

These  commands  can  be  passed  to  the  transmitter  by  any  convenient  means,  but  an  especially 
convenient  system  is  to  use  a VFT  channel  in  the  sub  baseband  of  the  reverse  link,  the  increase  power, 
hold,  and  decrease  power  commands  being  transmitted  by  CONTINUOUS  NARK,  NARK.— iPACE  reversal  at  baud 
rate  and  CONTINUOUS  SPACE  indications  respectively.  Figure  4 shows  a simplified  version  of  the  system 
block  diagram. 


Upon  receipt  of  a decrease  power  oommand  the  attenuator,  which  is  usually  placed  between  the  drive 
and  the  P .A . is  increased  by  hd.B  and  then  holds.  If,  after  an  interval  allowing  the  complete  loop  to 
operate,  a decrease  power  command  is  still  reoeived,  a further  5dB  attenuation  is  inserted.  A severe 
up— fade  will  see  this  repeated  until  the  attenuator  is  at  maximum  attenuation.  If.  however,  after  any 
particular  step,  a hold  command  is  received,  then  the  attenuator  will  remain  at  the  position  previously 
set  and  a static  situation  will  exist,  until  a further  change  occurs  in  the  propogation  conditions.  A 
down— fade  now  will  cause  the  reoeived  signal  to  fall  below  the  window,  and  an  increase  power  command  will 
be  sent  to  the  transmitter.  Again,  this  will  be  repeated,  until  either  a hold  command  is  sent  from  the 
receiver,  or  the  attenuator  reaohea  the  minimum  attenuation  position. 

Reference  (2)  gives  a detailed  description  of  the  hardware  used  in  implementing  a Transmitter 
Control  System. 


The  basic  requirements  of  the  level  oontrol  system  which  are  established  in  the  design  above  are: 

(i)  The  'trigger'  levels  referred  to  the  receiver  input  at  whioh  the  commands  change. 

(ii)  The  level  control  range  required. 

(iii)  Operate  time. 

( ivj  Redundancy . 

(v)  Type  and  position  of  attenuator. 

The  fundamental  design  aim  is  to  ensure  that  the  parameters  adopted  for  a particular  system  are 
such  that  the  incidence  of  interference  into  other  systems  is  reduced  to  a minimum  consistent  with  the 
creation  of  no  significant  degradation  in  the  main  circuit  performance. 


Examination  of  fading  structures  both  in  depth  and  time  from  many  parts  of  the  world  (5) 
has  revealed  that  short  down-fades  from  a ducting  situation  of  up  to  25dB  can  oocur.  In  order 
that  these  down-fades  cannot  destroy  the  system,  the  lower  trigger  level  is  positioned  at  least 
30dB  above  f.m.  threshold.  The  upper  trigger  level  is  positioned  5dB  above  this  value.  Sinoe 

the  system  will  spend  the  majority  of  the  time  at  or  below  the  window,  oareful  consideration  has 
to  be  given  to  the  mean  SNR  produced  by  these  levels,  and  if  necessary  raised  to  ensure  a 
satisfactory  mean  or  median  3IR  performance.  Raising  the  window  levels  will  obviously  increase 
ths  interference  level  to  other  systems  so  a careful  trade  off  is  required. 


A survey  of  available  propogation  information  from  many  different  olimates  revealed  that: 

a)  Large  level  changes  ( >20dB)  can  oocur  at  rates  up  to  t6dB/ minute. 

b)  Sharp  transition  of  up  to  10dB  oan  ooour  in  7 seoonds. 

Ideally  the  loop  operate  tine  should  be  of  the  order  of  4 seoonds  per  5dB  step.  In  the  present 
implementation  this  has  been  nohieved  except  over  the  first  5dB  where  approximately  15  seoonds  are 
required  due  to  the  non-linear  nature  of  the  motorised  attenuator  chosen  for  that  system. 

Fig.5  shows  the  effects  on  both  the  wanted  scatter  link  and  a remote  LOS  system  (on  the  line  of 
shoot  and  with  adjacent  channel  spacing)  of  a particular  fading  scenario  on  a apecifio  link.  This 
scenario,  deliberately  chosen  to  fully  explore  any  weaknesses  in  the  system,  ie  highly  artificial 
and  Is  considerably  worse  than  anything  likely  to  be  encountered  in  practice.  The  upper  half  of 

the  diagram  reveals  that  the  loop  oannot  respond  to  all  the  fast  transitions.  Examination  of  the 

effeot  on  interference  into  a remote  LOS  system  reveals  that  considerable  protection  is  provided 
for  large  percent's  of  the  time,  breakdown  only  occurring  at  (f  ♦ 120)  seoonda  after  3 successive 
fast  transitions  at  the  maximum  fade  rate.  With  more  praotioal  fading  soenarios  the  protection 
indicated  in  the  left  hand  side  of  the  diagram  is  maintained  throughout. 


(m)  harnn  i?f  v'wn'nil 

In  the  ideal  case  sou  7MB  of  level  control  range  is  desirable,  but  practical  oonaiderat ion# 

( time  to  remove  all  attenuation  in  MB  steps,  noise  contribution  from  the  FJt.,  practical 
attenuatora  available)  reatriot  the  available  control  range  to  around  45dB  in  nine  atepa  of  MB. 

(iv)  In  edundan  jv 

Redundancy  ia  largely  dictated  by  the  inherent  redundancy  of  the  tropospherl o aoatter  equipment 
employed.  dene  rally  for  a quadruple  diversity  ayatem  two  drives,  two  F.A'a  and  four  reoeivora 
are  used,  lndioatlng  that  two  oontrol  attenuators,  two  seta  ot  oontrol  logio,  two  VFT  transmission 
paths  and  four  deteotors  are  required.  Two  comparators  are  aed  with  the  lower  si  total  from  each 
pair  of  reoelvers  controlling  the  loop. 

This  maintains  the  design  philosophy  of  the  equipment  where  any  one  part  oan  fail  without  lose 
of  oammunioatlon. 

Ae  far  aa  la  possible  the  level  oontrol  equipment  is  built  on  a fail  safe  basis  whioh  removes 
all  attenuation  for  any  fault. 

(v)  type  and  Foaltion  of  Attenuator 

A motorised  passive  component  is  used  to  satisfy  the  requirement  of  a continuously  variable 
component  to  avoid  transient  levels,  whilst  motive  components  are  avoided  to  prevent  the  creation 
of  unwanted  Intermodulation  products.  Although  stepping  motors  oould  be  used,  conventional 
motors  are  used  in  the  present  design  to  simplify  the  circuitry  for  fall-safe  and  manual  over-ride 
considerations. 

The  position  of  the  level  control  attenuator  is  dependent  upon  the  type  of  final  amplifier  used 
in  the  system.  For  medium  power,  Class  C solid  state  amplifiers,  the  attenuator  is  positioned 
between  the  amplifier  and  the  antenna  - which  imposes  an  additional  power  dissipation  constraint 
on  the  attenuator  speoi  float  ion;  whilst  the  minimum  loss  specification  is  all-important  if  the 
worst  month  performance  is  not  to  be  significantly  degraded.  For  t and  lOKwatt  Klystron  Amplifiers 
an  out  put  attenuator  becomes  impractical  and  it  becomes  necessary  to  vary  the  drive  to  the 
amplifier.  Whilst  this  eases  the  specification  of  the  attenuator  in  terms  of  power  dissipation 
and  minimum  loos,  care  has  to  be  taken  to  avoid  degrading  the  system,  either  by  driving  the 
amplifier  into  saturation,  or  at  the  other  extreme  by  reducing  the  drive  level  to  the  point  where 
the  KTRF  noise  of  the  amplifier  becomes  significant.  For  IKwatt  Klystron  Amplifiers  the  high 
power  performance  has  been  found  to  be  critically  dependent  on  tube  type , whilst  tubes  so  far 
tested  have  not  exhibited  significant  KTHF  noise  for  level  variations  in  exoeos  of  40dH. 

The  effects  of,  and  the  improvements  obtained  by  the  use  of  Transmit  bevel  Control  in 
particular  situations  have  been  investigated  and  described  in  Reference  (?). 

COmUNKP  ^STSttS 

The  use  of  Transmit  bevel  Control  on  a particular  link  confers  a considerable  measure  of  protection 
to  other  systems,  whilst  Keoeive  bevel  Control  provides  interference  protection  from  other  systems. 

In  the  paper  we  have  examined  the  benefits  and  impNlemer.tation  of  both  Transmit  and  Keoeive  bevel 
Control  when  realised  individually.  Maximum  benefit  would  accrue  to  a complex  communication  system  if 
the  Individual  links  used  both  Transmit  and  Receive  bevel  Control,  enabling  the  most  efficient  use  of  the 
spectrum  by  allowing  closer  frequenoy  spacing  and  re-use  of  frequencies  at  smaller  oo-ordinat ton  distances. 

The  impNlementation  of  a combined  system  needs  careful  thought  since  it  oontains  three  oontrol  loops, 
and  overall  stability  becomes  an  important  criterion. 

Stability  is  ensured  by  arranging  for  the  ACC  loop  to  have  a short  time  constant  of  about  I msec . , the 
Receive  bevel  Control  boop  to  be  substantially  longer  at  .lust  under  a second  while  the  outer,  Transmit 
bevel  Control  Loop,  requires  4-5  seconds  to  implement  each  MB  step  of  oontrol. 

The  step  oontrol  for  the  outer  loop  is  a further  aid  to  stability,  whilst  a further  measure  is  to 
use  the  position  of  the  Keoeive  bevel  Control  attenuator  as  part  of  the  oontrol  information  for  the 
transmit  loop,  rather  than  the  actual  signal  levels. 

In  this  way  an  increase  in  signal  level  is  first  dealt  with  by  the  ACC,  the  Receiver  Control  boop 
starting  to  react  after  1 second  and  inserting  attenuation  bofore  the  reoeiver.  The  ACC  reacts  quickly 
to  the  revised  situation  and  restores  the  oorrect  overall  receiver  gain.  The  position  of  the  receive 
attenuator  ia  now  used  to  establish  a ' do o tease  piower'  oommand  to  the  transmitter,  the  reoeiver  oontrol 
loop  restoring  after  the  transmit  power  is  reduced.  The  'hold'  oommand  is  now  transmitted,  a 'dec lease 
power'  command  ia  not  transmitted  unless  or  until  the  resultant  signal  falls  outside  the  window,  below 
the  seoond  trigger  level.  If  the  path  loss  continues  to  fall,  the  Transmit  attenuator  continues  to 
rise  until  its  maximum  level  is  reaohed.  At  this  point  the  Receive  attenuator  should  still  be  at  aero 
(assuming  a slow  fall  of  path  loss)  and  will  now  increase  as  the  path  loss  decreases  to  minimise  the 
signal  applied  to  the  I.F.  filter.  A similar  inverse  procedure  is  used  as  the  path  loss  falls. 

The  above  procedure  makes  no  provision  for  dealing  with  interfering  signals  into  the  receivers  this 
in  a pmotloal  ays  torn  oould  be  implemented  by  inhibiting  the  Transmit  boop  when  the  Receive  Loop  ts 
controlled  by  total  input  signal  t pre  T.F. filter)  rather  than  the  wanted  signal  I post  l.F. filter).  The 
approach  used  would  have  to  be  dictated  by  the  need  to  maintain  satisfactory  C/l  ratios  at  the  reoeiver 
input. 
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SPNKAKT 

Th»  )» [i r has  outlined  th.  methods  via *4  to  Implement  th.  various  level  oontrol  techniques  and 
described  the  design  criteria  used  In  setting  various  critical  parameters  and  in  establishing  speolfio 
approaohw. 

It  la  not  a!  Out  Receive  Laval  Control  alona  la  sufficient  to  enable  the  filters  to  be  effective 
in  ittumising  interference  into  any  given  link  Iron  other  systems,  whilst  Transmitter  Control  la 
required  to  minimise  interference  to,  and  hence  reduce  the  oo-onli nation  distance  with,  other  systems. 
Finally  a method  la  described  whereby  both  systems  can  be  implemented  to  gain  the  advantages  of  both. 
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SUMMARY 


The  paper  reviews  the  phenomenon  of  propagation  via  meteor  trails  and  briefly  describes  the  STC 
meteor  burst  communication  system,  COMET , which  used  ARQ  and  diversity  reception  to  provide  several  telegraph 
channels  on  a 1000  km  path.  The  results  of  extensive  testing  of  COMET  at  frequencies  near  40  and  100  MHz  are 
presented.  Signal  level  statistics  as  well  as  burst  length  and  interval  statistics  are  presented  for  both 
frequencies.  The  traffic  capacity  of  the  COMET  system  at  the  two  frequencies  is  compared  on  the  basis  of 
extensive  trials  using  simple  yagi  antennas  and  transmitter  powers  of  200  W and  2000  W at  40  and  100  MHz  ^ 7 
respectively.  The  experimental  results  suggest  a X4  dependance  for  traffic  capacity  in  contrast  to  the  X 
dependence  predicted  upon  the  basis  of  simple  theory.  The  reasons  for  the  observed  dependance  are  developed 
and  it  is  due  primarily  to  the  physics  of  meteor  propagation  rather  than  to  inefficiencies  in  the  COMET  system. 
Two  possible  applications  of  a COMET  system  which  were  of  particular  interest  to  SHAPE  Technical  Centre  (STC) , 
a low  capacity  jamming  resistant  circuit  and  a reliable  orderwire  for  an  HI  system,  are  briefly  discussed 
and  suggested  circuit  parameters  set  out. 

1.  INTRODUCTION 

Twenty  years  ago  the  work  on  meteorscatter  propagation  and  communication  was  declassified  in  the 
United  States  and  a special  issue  on  this  subject  appeared  in  the  Proceedings  of  the  I.R.E.  in  December  1957. 

In  the  following  ten  years  SHAPE  Technical  centre  (STC) , took  a major  part  in  the  work  in  this  field  develop- 
ing an  improved  40  MHz  communications  system  called  COMET,  conducting  interception  tests,  and  Investigating 
the  performance  of  COMET  at  100  MHz.  Consideration  was  also  given  to  the  use  of  meteor -burst  signals  in  the 
HF  band.  This  work  was  mainly  described  in  internal  literature,  but  two  papers  were  published  in  the  open 
literature:  these  are  given  in  Refs.  1 and  2.  We  are  now  witnessing  a revival  of  interest  in  meteor-burst 
systems  and  this  paper  will  consider  the  frequency  aspect  of  such  systems  and  discuss  the  practical 
implications  raised. 

The  frequencies  most  commonly  used  for  meteor-burst  systems  were  those  in  the  range  30  to  40  MHz. 

At  these  frequencies  the  duty  cycle  generally  proved  to  be  a few  percent.  While  a higher  duty  cycle  is 
possible  at  lower  frequencies,  this  would  encroach  on  the  HF  band  and  also  make  the  signals  more  susceptible 
to  D-layer  attenuation.  Going  to  higher  frequencies  reduces  the  duty  cycle  but  offers  greater  inmunity  to 
jamming  and  interception  because  of  the  lower  duty  cycle  and  on  account  of  the  reduced  likelihood  of  sporadic-E 
reflections. 

Depending  on  the  requirements  of  a system,  a frequency  either  higher  or  lower  than  those  commonly 
used  may  prove  to  have  an  overall  advantage.  In  addition  to  studies  using  frequencies  in  the  band  30-40  MHz 
STC  were  interested  in  two  departures  from  the  norma  range.  One  was  the  use  of  a higher  frequency  to  avoid 
jamming  and  interception:  the  other  was  the  deliberate  use  of  a frequency  in  the  HF  band  to  provide  an 
engineering  circuit,  or  back-up  circuit,  without  the  need  of  extra  transmitters  or  antennas.  On  the  first 
problem  tests  were  carried  out  at  nominal  frequencies  of  40  MHz  and  100  MHz  which  represent  the  extreme 
frequencies  of  interest.  On  the  second  problem  no  tests  have  yet  been  conducted  and  only  theoretical 
estimates  will  be  given. 

2.  THEORETICAL  CONSIDERATIONS 

2.1  Classification  of  Meteor  Trails 

Meteor  trails  can  be  divided  into  two  categoriej^on  the  basis  of  the  line  density  of  the  free 
electrons.  If  the  line  density  is  less  than  about  2 x 10  electrons  per  metre,  the  trail  is  teamed 
*\)^dffdense,,.  Underdense  trails  have  such  low  densities  that  each  electron  acts  individually  in  scattering 
radio  waves,  whereas  overdense  trails  contain  such  a high  density  of  electrons  that  a radio  wave,  after 
slight  initial  penetration,  is  completely  reflected. 
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The  dividing  line  of  about^2  x 10  electrons  per  metre  corresponds  to  the  ionization  produced 
by  meteors  whose  weight  is  about  10  grams.  Meteors  which  are  heavier  than  this  will  produce  overdense 
trails  while  lighter  meteors  result  in  underdense  trails.  When  averaged  over  24  hours  the  number  of  meteors 
is  almost  inversely  proportional  to  the  weight.  One  would  therefore  expect  that  the  number  of  underdense 
trails  would  greatly  exceed  the  number  of  overdense.  However,  the  signals  reflected  from  underdense  trails 
fall  off  roughly  in  proportion  to  the  square  of  the  weight  (signals  from  overdense  trails  increase  only  a 
little  with  weight)  so  that  in  practice  it  is  found  that  perhaps  only  70%  of  the  signals  received  have  been 
transmitted  via  underdense  trails.  This  still  means  that  such  trails  predominate  and  are  therefore  the 
mainstay  of  any  meteorburst  system. 

2.2  Geometry  of  Meteor  Trails 

For  an  appreciable  amount  of  energy  to  be  transmitted  the  ionized  trail  must  be  tangent  to  a 


prolate  iplttiuid  whom*  foci  are  at  the  transmitter  ami  receiver  lc cations,  'flu*  total  path  length  between 
transmitter  anil  receiver  via  a point  on  the  trail  1*  a minimum  for  reflections  f :\>m  the  tangent  points. 
Thia  point  is  shown  as  I'  in  Fig.  I while  the  distances  to  the  transmitter  T and  rscsl veiH  are  shown  as  H, 


and  K,  respect  ivyly.  At  some  point  P*  along  the  meteor  trail  the  distance  iR*  4 rI)  exceedtMK,  4 R^)  by 
V 4.  ttie  re  fore  P‘  marks  the  beginning  of  a f 


to  those  along  l»P*. 


further  Fresnel  tone  from  which  reflections  will  be*ln  antiphase 


All  contribut ions  from  within  the  principal  Fresnel  tone,  when  added  vectorial ly  at  the  receiver# 
increase  the  signal  strength.  Other  more  remote  Fresnel  tones  produce  signal  increases  and  decreases  which 
more  or  less  cancel  each  other  out.  Thus  the  signal  strength  received  from  that  portion  of  the  trail  which 
lies  In  tho  principal  Fresnel  tone  gives  a close  approximation  to  the  total  signal  taking  all  tones  into 
account.  The  total  length  of  the  trail  in  the  first  Fresnel  tone  is  2L  since  lb*  represents  only  half  the 
portion  within  the  principal  tone. 


The  trail  is  in  the  tangent  plane  and  makes  an  angle  R with  the  Intersection  of  this  plane  with 


the  plane  of  propagation  (i.e.  the  plane  containing  T#  P and  R)  . R and  R.,  subtend  equal  angles#  0#  to  the 
normal  to  the  tangent  plane.  Provided  R^  and  R^  >>L  we  have 


XK, 

Ra 

IHj  ♦ 

(1  - sin^  0 cos'  R) 

(1) 


In  the  radar  case  (back  scattering)  R^ 

. ■ (*r 


R . and  0 


0 so  that 


(2) 


When  T and  R ate  separated  there  is  a maximum  value  for  l.  when  the  trail  is  in  the  plane  of 
propagation  (R  - 0°)  and  a minimum  when  at  right  angles  to  this  plane  (R  - 90°).  FV>r  example  if  TR  - 
1000  km  and  X - 7.5  m then,  assuming  a trail  at  100  km  altitude#  the  maximum  and  minimum  values  are  5.9 
km  and  1.4  km. 


The  cross  section  of  the  trail  must  also  be  taken  into  consideration.  The  model  most  commonly 
used  la  to  assume  that  amblpolar  diffusion  causes  the  radial  denaity  of  electrons  to  have  a Gaussian 
distribution  and  that  the  volume  density  is  reduced  while  the  line  density  remains  constant.  These 
assunpt  ions  lead  to  an  equation  for  the  volume  density  as  a function  of  radius,  r and  time,  t which  is: 


Mr,  t)  - 


ir  (4Dt  4 rn2) 


exp 


[not  ♦ re2)] 
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where  q - line  denaity  in  electrons  per  metre 

2/ 


D - diffusion  constant  in  metre*  / sec 

t - time  in  seconds 

r0-  initial  radius  of  trail 


Both  D and  r are  marked  functions  of  height  *0  that  some  estimate  of  the  heights  involved  is 
important.  For  this  purpose,  the  results  of  measurement s by  Greenhow  and  Hall  (Ref.  .1)  will  be  used. 

Fig.  2 shows  a plot  of  the  average  heights  and  the  maximum  heights  these  authors  measured.  In  all  three 
cases  the  distribution  of  number  of  echoes  versus  height  was  approximately  Gaussian.  A suitable  equation 
relating  average  height  to  frequency  is  as  follows: 


h - -17  log  f 4 124 

where  h - average  height  of  trail  in  km 
f - frequency  in  MM  it 


(4) 


Figure  3 shows  the  value  of  the  initial  radius  r as  a function  of  height.  McKinley  (Ref.  4) 
states  that  the  formula  due  to  Manning  (Her.  5)  fits  experimental  evidence  better  than  that  given  by 
Optik  (Ref.  t>)  . However,  the  subsequent  publication  by  Greenhow  and  Hail  (Ref.  1)  indicated  that  the  radius 
at  the  lower  heights  was  by  no  moans  as  small  as  would  be  inferred  by  the  Mannlnq  relationship.  This 
difference  is  almost  certainly  due  to  the  presence  of  meteors  of  the  dustball  variety.  These  presxrmably 
dislntegrste  into  s cloud  of  particles  with  a resultant  broadening  of  the  trail.  For  the  calculations  in 
this  paper#  the  dotted  line  shown  in  Fig.  X has  been  assumed.  This  Is  a compromise  curve  heavily  biased  in 
favour  of  the  Greenhow  and  Hal)  values.  The  equation  for  this  line  is  as  follows: 


log  r 


o 

who  re  r 


0.015  h - 3.45 
- initial  radius 


of  trail  In  meters 


(5) 


Although  the  diffusion  constant  varies  greatly  with  height#  there  is  more  general  agreement  here 
as  can  be  seen  from  the  curves  in  Fig.  4.  Also  shown  in  Fig.  4 Is  a curve  of  typical  meteor  velocities  as 
a function  of  height.  In  the  expression  for  the  signal  strength  from  under  dense  trails  it  is  the  r.vt  io  V 
to  p which  counts#  and  for  the  purposes  of  this  paper  a convenient  expression  of  this  ratio  has  been  derived 
which  is  as  follows: 


(0. 001 5 h ♦ 0.0  is  ♦ 0.0013  (h 


‘>0) 


x 10 
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Time  constants  are  a function  of  D and  not  D/V  in  which  case  the  following  formula  for  D is  used 
in  this  paper 


109  10D 


0.067  h - 5.6 


Reflections  from  Meteor  Trails 


Underdense  Trails 


The  transmission  loss  of  reflections  from  underdense  trails  can  ue  expressed  as  follows  (Ref.  4): 

PJt)  G G X2 
R “ T R 


Where  PR(t)  ■ received  signal  power  at  time  t 
P * transmitted  signal  power 


gain  of  transmitting  antenna 
gain  of  receiving  antenna 


R1  1 R2 


distances  to  re flectiai point  from  transmitter  and  receiver  respectively 
wavelength  in  metres 


a - echoing  area  of  the  trail 

* loss  factor  due  to  finite  initial  radius 
A^Ct)*  loss  factor  due  to  diffusion 

The  first  two  terms  are  the  same  as  the  normal  radar  equation  if  R^  * R . The  condition  R^  = R^  is 
a convenient  assumption  to  make  when  calculating  the  magnitude  of  the  power  one  would  expect  to  receive  over 
a given  circuit. 

The  echoing  area  is  given  by: 

>4  2 2 2 2 ... 
o * 4 1 rg  q L cos  \i  (9) 

where  r * effective  radius  of  electron 
e 

. 2.8  x 10-15  m 

y = angle  between  incident  electric  vector  and  electric  vector  accepted  by  the  receiving  antenna 

If  horizontal  polaristion  is  used  at  both  terminals,  the  cos  p term  is  unity.  In  typical  cases 
the  value  of  o will  be  in  the  region  of  10  km2  . 


The  first  of  the  loss  factors  is  given  by: 
r -8  x2  r 2 1 


r -8  n*  r * T 

O 

. X2  sec2  0 


The  loss  is  due  to  interference  between  the  reradiation  from  the  electrons  wherever  the  thickness 
of  the  trail  is  comparable  with  the  wavelength. 

The  second  loss  factor  is  due  to  the  increase  in  the  radius  of  the  trail  on  account  of  diffusion. 
It  can  be  expressed  as: 


A2(t)  = exp. 


p-K“i 

L X sec  0 J 


Equation  (11)  is  the  only  time  dependant  factor  and  gives  the  decay  time  of  the  reflected  signal 
power.  Defining  the  time  constant  as  the  time  for  the  power  to  decay  by  a factor  of  e“^  (i.e.  8.7  dB)  we 
have: 

\2  sec20 


With  grazing  reflections  the  value  of  sec  0 will  be  large  and  give  a substantial  Increase  in  the 
duration  of  the  echo.  For  short  distances  the  time  constant  decreases  greatly  except  for  the  lowest 
frequencies.  However  the  time  constant  is  only  an  Indirect  measure  of  the  duration  of  the  received  echo, 
since  the  latter  depends  on  the  noiee  threshold.  Generally  the  duration  of  the  received  signal  is  several 
times  greater  than  the  time  constant. 
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The  Increase  in  radius  due  to  diffusion  can  b«  appreciable  even  for  as  short  a period  as  is 
required  for  the  formation  of  the  trail.  The  extent  to  which  the  radius  has  grown  will,  of  course,  depend 
on  the  portion  of  the  trail  under  consideration.  It  can  be  shown  (Ref.  4)  that  the  overall  effect  with 
regard  to  the  reflected  power  is  the  same  as  would  be  obtained  if  the  trail  within  the  first  Fresnel  rone 
had  expanded  to  the  same  extent  as  the  midpoint  of  this  trail.  Since  this  portion  is  of  length  2L  the 
radius  At  this  midpoint  is  that  arising  after  a time  lapse  of  L/V  seconds,  i.e.  the  time  taken  for  the 
meteor  to  transverse  the  second  half  of  the  first  Fresnel  tone.  Calling  this  time  Interval  tQ  we  have : 

(a)  For  the  radar  case  and  trails  at  right  angles  to  the  plane  of  propagation  (8  - 90°) 


(13b) 

in  equation  (11)  qives: 

(14) 


For  the  B - 0°  case  the  exponential  term  is  sec  0 times  greater. 

Because  of  the  increase  in  initial  radius  and  diffusion  at  greater  heights,  the  two  loss  factors 
Increase  with  height.  This  i*  il lustrated  in  Fig.  5 in  which  the  full  lines  are  for  a fixed  distance  of 
1000  km  while  the  dotted  lines  give  the  monostatic  case.  The  increase  of  attenuation  gives  a ceiling  to 
the  height  of  reflection  for  any  particular  frequency.  This  ceiling  will,  of  course,  depend  on  the  systtxn 
margin  available. 

In  Fig.  2 the  ceilings  for  17.6,  36  and  70  MHz  are  about  112,  104  and  98  km  respectively.  These 
values  would  fit  in  accurately  with  Fig.  5 if  the  system  margin  is  put  at  20  dB.  A more  likely  value  for 
the  system  margin  is  40  dB,  in  which  case  the  fit  is  only  fair.  However,  in  view  of  the  uncertainties 
involved,  it  may  be  said  that  die re  is  a quite  reasonable  agreement  between  the  theoretical  values  in  Fig.  5 
and  the  experimental  values  of  Fig.  2. 

Fig.  5 indicates  that,  for  a distance  of  1000  km,  the  ceiling  for  a given  frequency  could  be  some 
10  to  15  km  higher  than  for  the  zero  distance  (monostatic  radar)  case.  This  means  that  for  long  distances 
a greater  depth  of  meteor  trails  will  be  effective  in  the  transmission  of  signals  than  at  zero  distance. 
However  the  signals  via  the  higher  trails  will  be  relatively  weaker  on  account  of  greater  diffusion.  It  is 
questionable  whether  the  gain  in  overall  performance  is  appreciably  enhanced  by  these  signals  from  higher 
regions.  Much  depends  on  the  sensitivity  of  the  communication  system.  Ideally  an  integration  should  be 
performed  which  also  takes  into  account  the  height  distribution  of  the  trails.  However  in  view  of  the 
uncertainties  Involved,  it  w.>s  considered  that  a fair  indication  of  the  typical  transmission  losses  involved 
would  be  given  by  taking  the  average  heights  for  the  monostatic  case  as  shown  in  Fig.  2. 
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Assuming  an  electron  density  of  10  per  metre,  we  can  arrive  at  a set  of  transmission  loss  curves 
as  shown  in  Fig.  6.  Because  the  angles  or  the  meteor  trails  with  respect  to  the  plane  of  propagation  will  be 
randomly  distributed  and  only  the  t *x>  extreme  cases  are  shown,  namely  those  for  $ - 0°  and  B ■ 90  . The  big 
advantage  enjoyed  by  the  lower  frequencies  is  clearly  shown.  Also  shown  in  Fig.  6 are  dotted  curves 
applicable  to  the  case  where  the  hoights  of  the  trails  are  12  km  hlqher  than  for  the  solid  curves.  The  loss 
in  signal  strength  is  very  apparent  especially  at  the  shorter  distances  and  for  the  higher  frequencies  (the 
corresponding  100  MHz  curves  are  off  the  scale) . 

All  the  curves  in  Fig.  6 are  standardized  to  unity  gain  for  both  transmitting  and  receiving 
antennas.  For  a circuit  length  of  1000  km  possible  values  for-  the  combined  gain  C^,GrV  are: 


(b) 


For  trails  in  the  plane  of  propagation  (B 


lo  * 


sec  0 

V 


Inserting  the  value  of  t given  by  (13a) 


W ’ ""p-  ’ 

sec‘0 


[■  ah  *] 


(1)  for  16  MHz  about  12  dB  (horizontal  dipoles) 

(ii)  for  40  MHz  about  25  dB  (5  element  Yagis) 

(iii)  for  100  MHz  about  25  dB  (5  element  Yaqis) 

Since  the  angle  of  fire  for  this  distance  is  in  the  region  of  7 to  8°,  the  antennas  would  have  to 
be  elevated  some  two  wave-lengths.  This  would  mean  40  m high  masts  in  the  case  of  16  MHz.  Decreasing  the 
antenna  height  to  20  m would  involve  an  overall  loss  of  6 dB.  For  40  MHz  a mast  height  of  15  m is  sufficient 
(in  the  STC  experiments  at  36  MHz  a mast  some  20  m high  was  used  supporting  a vertical  stack  of  two  5-element 
Yagis  for  reception  to  give  a further  3 dB  gain). 

The  same  antenna  gain  Is  quoted  above  for  the  100  MHz  case  as  for  40  MHz.  This  is  because  the 
polar  diagram  cannot  be  sharpended  any  further  to  advantage  since  the  geographical  areas  from  which  ths  most 
useful  reflections  take  place  are  relatively  broad.  FV>r  this  reason  the  STC  experiments  at  40  MHz  and  100 
MHz  used  the  same  radiation  patterns  for  the  tvr>  cases. 

(b)  Overdense  Trails 

In  the  transmission  equation  for  the  overdense  trail  the  concept  of  an  expanding  metallic  cylinder 
replaces  the  summation  over  Individual  scattering  electrons.  The  trail  is  assumed  to  have  been  formed  with  an 
Initial  radius,  r , and  a Gaussian  distribution  of  electron  density  about  the  trail  axis.  The  Gaussian 
distribution  is  maintained  a:,  the  trail  dissipates  by  ambtpolar  diffusion  but,  of  course,  the  parameters 
change  with  time.  Because  of  the  skin  depth  effects,  the  core  must  have  sufficent  size  as  veil  as  sufficient 
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electron  density. 

The  development  of  e rigorous  transmission  equation  for  forward  scatter  from  an  nverdense  trail 
presents  difficulties.  These  are  discussed  by  von  Eshleman  (Ref.  7)  who  developed  approximate  formulae. 

A heuristic  approach  based  on  analogy  with  the  underdense  case,  gives  the  following  expression  for  the 
transmission  loss  when  the  received  signal  has  reached  its  maximum  value: 


Vu  . Vr 
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Where  e - the  exponential,  i.e.  2.718 


Thus  the  effective  echoing  area  is  given  by 


o - 2L2 
ov 


o The  application  of  equation  (1)  for  L shows  that  a varies  as  X if  0 - 90°  and  Xsec  0 if  0 - 

0 . Therefore,  the  transmission  equation  gives  a received  power  which  varies  as  X3.  This  is  the  same  as 
in  the  case  of  an  underdense  trail. 

It  should  be  particularly  noted  that  the  received  signal  power  is  now  only  proportional  to  q\ 

Thus  increases  in  signal  power  with  increasing  size  of  meteor  are  relatively  modest  for  overdense  trails. 

Since  the  incidence  of  the  larger  meteors  is  low,  it  follows  that  the  incident  of  really  strong  meteor  signals 
is  quite  low. 

The  duration  of  the  overdense  signals  is  given  by  (Ref.  4) . 


4 w N D 

c 


X^sec  0 r* 

-&75 ■ 


- 7 X 10' 


Where  N - critical  value  of  ionization  density 


The  time  at  which  the  maximum  signal  occurs  is  equal  to  T /e.  The  value  of  this  maximum  is  given 
by  equation  (15).  An  example  of  the  signals  from  a typical  overdense  trail  is  given  in  Fig.  7 together  with 
an  underdense  echo. 

In  marginal  cases,  it  is  possible  for  T to  be  les  than  the  time  taken  to  establish  an  adequate 
radius  (i.e.  at  least  one  skin  depth)  throughout  the  trail.  In  such  cases  an  overdense  echo  will  not  be 
obtained,  even  if  the  volume  density  on  the  axis  was  at  first  great  enough  for  such  re l lections.  Thus  the 
incidence  of  overdense  trails  is  less  than  would  otherwise  be  expected. 

(c)  Transition  Frequencies 

The  formulas  given  so  far  in  this  paper  assume  that  the  time  taken  for  the  meteor  to  traverse  the 
first  Fresnel  ^one  is  short  compared  with  the  duration  of  the  burst  of  signal,  i.e.  t « T or  T This 
ceases  to  be  true  as  the  frequency  is  increased  and  eventually,  when  t >>  T or  T ° entirely  di?¥erent 
formulas  are  applicable.  The  changeover  is,  of  course,  gradual  but  a ?ransil??on  frequency  may  be  defined  by 
taking  t ■ T or  T . The  values  obtained  depend  markedly  on  the  distance  and  angle  of  the  meteor  trail. 
For  the  monosWltic  r83ar  case  we  have 
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where  - transition  wavelength 

2/1 

For  the  forward  scatter  case  the  value  of  the  transition  frequency  f is  multiplied  by  (sec  0)  ' 
and  (sec  0)  '3  for  the  case  of  6 * 90  and  6*0°  respectively.  Values  of  f Appropriate  to  zero  distance 
and  to  a distance  of  1000  km  are  shown  by  the  dotted  lines  in  rig.  2.  In  the  case  of  zero  distance,  the 

transition  frequencies  are  low  enough  to  invalidate  the  application  of  the  equations  given  above  at 
frequencies  above  about  50  MHz.  Thus  the  experimental  point  for  70  MHz  shown  in  Fig.  2 falls  in  the  range 
where  the  equations  no  longer  apply.  This  point  was  considered  by  the  authors  concerned  (Ref.  3)  who 
attributed  their  anomalous  measured  height-velocity  relationship  at  70  MHz  to  the  effects  of  rapid  diffusion 
invalidating  the  usual  equations. 

The  STC  circuit  was  1000  km  long  and  for  this  distance  the  transition  frequency  for  a given  height 
is  distinctly  higher  than  in  the  monstatic  case.  Nevertheless  the  upper  frequency  used,  namely  106.5  MHz, 
is  very  close  to  the  transition  frequency  for  transverse  trails  (0  - 90°)  at  the  probable  average  height  of 
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about  85  km.  One  would  expect  therefore  that  our  results  would  be  influenced  by  this  fact.  From  the 
formulas  given  below,  one  can  readily  see  that  a greater  variation  of  duty  cycle  with  frequency  than  would 
otherwise  be  predicted  should  result  and  this  indeed  was  the  case. 

Sugar  (Ref.  8)  gives  the  following  relationships  for  both  underdense  and  overdense  trails  for 
frequency: 


(19) 


(20) 


transmission  loss  increases  dramatically  as  the  wavelength  decreases.  On  the 
actually  increases:  however  the  losses  involved  become  so  great  with  decreasing 
echoes  are  unknown  in  the  UHF  band. 

that  the  time  constant  given  by  equation  (20)  is  proportional  to  D Instead  of 
(17).  This  feature  forms  the  basis  of  an  argument  used  in  Section  4.2.2  to 
explain  the  experimental  result  that  at  106.5  MHz  the  early  morning  bursts  had  longer  durations  on  the 
average  than  those  in  the  early  evening  whereas  the  reverse  would  be  expected  from  the  normal  equations. 

Equations  (19)  and  (20)  apply  to  both  backscatter  and  forward  scatter  where  bursts  from  underdense 
trails  are  concerned.  For  overdense  trails,  however,  their  validity  has  so  far  only  been  established  for 
the  backscatter  case.  However,  it  is  unlikely  that  the  factors  expressing  the  basic  proportionalities  are 
any  different  in  the  forward  scatter  mode. 

3.  EXPERIMENTAL  PROGRAMME 

3.1  General  Features 

The  experimental  programme  described  below  came  at  the  end  of  STC’s  work  on  meteor  burst 
communications  and  followed  extensive  trials  at  frequencies  near  40  MHz.  The  object  of  the  tests  reported 
here  was  to  compare  the  performance  of  a meteor-burst  system  at  t*#D  well  spaced  frequencies.  For  this 
purpose  the  COMET  system  (Ref.  1)  had  a 100  MHz  facility  added  to  it  in  addition  to  the  normal  operating 
frequency  of  around  40  MHz.  The  same  circuit  as  before  was  used,  namely  the  1000  km  circuit  between  La 
Crau  and  Staalduinen.  These  two  terminals  are  situated  as  shown  in  Fig.  8.  Although  we  shall  refer  to  the 
two  cases  as  the  40  MHz  and  100  MHz  cases,  the  actual  carrier  frequencies  used  were  36.59  MHz  and  106.47  MHz 
at  La  Crau  and  39.25  MHz  and  104.85  MHz  at  Staalduinen. 

Substantially  the  same  equipment  was  used  for  both  40  and  100  MHz.  Only  the  antennas  and  the 
receiver  front-ends  were  different.  Similar  radiation  patterns  were  used  for  40  MHz  and  100  MHz.  In  each 
case  the  antenna  system  for  each  diversity  branch  consisted  of  a pair  of  5-element  Yagi  antennas.  These 
antenna  systems  were  mounted  at  heights  of  1.2X  and  2.6X  above  ground  level  on  each  of  two  masts,  placed 
about  50  metres  apart  at  right-angles  to  the  path.  Signals  from  a given  pair  of  antennas  were  amplified 
and  then  converted  to  the  frequencies  used  in  the  40  MHz  tests.  The  signals  were  then  fed  to  the  old 
receivers  and  control  equipment. 

Information  was  transmitted  by  FSK  using  a total  deviation  of  6 KHz  at  a signalling  rate  of  2000 
baud.  ARC  was  used  and  for  this  purpose  the  five-element  characters  were  converted  to  seven-element 
characters  which  could  be  checked  for  a 3 to  4 ratio  of  marks  to  spaces.  When  correct,  the  information 
was  reconverted  to  the  five-element  code. 

The  first  tests  began  in  March  1967  and  were  designed  to  compare  40  and  100  MHz  in  terms  of 
traffic  capacity  and  the  statistics  of  signal  strengths.  These  tests  used  simultaneous  transmissions, 
on  40  and  100  MHz,  and  continued  until  mid-November.  in  June,  a second  series  began,  using  100  MHz 
transmissions  only,  for  an  Investigation  of  traffic  capacity,  burst  length  and  burst  interval  statistics 
at  this  frequency  and  to  compare  space  and  height  diversity.  These  tests  continued  until  the  end  of 
December  1967. 

3.2  100  MHz-Onlv  Test  i 

These  tests  were  carried  out  using  a series  of  test  p>eriods  consisting  of  five  days  and  four 
nights  in  order  to  obtain  adequate  data  on  the  burst  lengths  and  burst  intervals.  The  statistics 
measured  were  those  of  "information  bursts",  so  that  not  all  bursts  which  occurred  were  included.  For  a 
burst  to  be  an  "information  burst"  not  only  must  synchronization  between  the  two  terminals  be  achieved, 
but  more  than  10  characters  must  be  sent  thus  ensuring,  by  the  very  nature  of  the  COMFT  system  (Ref.  1) 
that  a two-way  path  exists. 

During  the  tests  the  transmitters  at  both  ends  were  repeatedly  turned  on  automatically  for  75 
minutes  ami  off  for  25  minutes.  The  receivers  were  calibrated  twice  per hour  by  means  of  an  injected 
standard  si  nal,  which  varied  in  steps  of  10  dB  from  30  dB  below,  to  30  dB  above  one  micro-volt  from  a 
50-ohm  open  source.  Detected  signals  from  both  space-diversity  branches  were  recorded  on  a cV  *t 
recorder,  so  that  signals  could  be  distinguished  from  interference,  for  duty-cycle  as  opposed  signal- 
level  measurements. 

Traffic  capacity  was  measured  by  sending  a message  from  both  ends.  The  entire  message  consisted 
of  a single  character,  namely  "idie-time  6".  The  number  of  correctly-received  characters,  the  number  of 
transpositions  (undetected  errors)  and  the  number  of  detected  errors  were  recorded  automatically  by  a 
digital  recorder  at  the  Staalduinen  end  for  7 minutes  of  each  75-minute  transmission  period. 


signals  above  the  transition 


>°  V2 


Equation  (19)  shows  that  the 
other  hand  the  time  constant 
wavelength  that  meteor -burst 
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A further  point  is 
as  in  equations  (12)  and 


Other  data  collected  during  these  periods  were  the  percentage  of  time  during  which  the  signal 
amplitude  exceeded  10  preset  levels  for  both  of  the  diversity  branches,  the  number  of  transmission  bursts 
(and  intervals)  of  various  durations  and  also  the  number  of  characters  received  each  minute  or  7 minutes. 

Noise  measurements  were  made  during  the  breaks  in  transmission. 

The  frequencies  assigned  for  the  tests  were  104.847  and  104.853  MHz  for  mark  and  space  frequencies 
at  Staalduinen  and  106.457  and  106.473  at  La  Crau.  The  mark  and  space  frequencies  from  each  antenna  system 
were  precombined  and  the  combined  outputs  were  then  added  in  the  diversity  combiner.  This  was  done  so  that 
the  output  from  both  antenna  systems  and  the  output  of  the  combiner  could  all  be  used  for  the  decision 
process  in  the  ^nultidetector H . Decisions  are  taken  in  the  Hmulti detector"  for  each  character  on  a code 

conformity  basis.  Those  branches  which  do  not  contain  o character  consisting  of  3 marks  and  4 spaces  are 
eliminated  from  further  consideration.  There  must  be  an  agreement  between  two  remaining  branches  before 
a character  is  accepted.  If  two  branches  containing  the  same  code-conforming  character  cannot  be  found,  a 
request  for  a repetition  of  the  character  is  initiated.  The  transmitter  power  for  all  the  100-MHz-only 
tests  was  2000  watts.  Some  tests  employed  horizontal  space  diversity  and  others  height  diversity.  As  was 
expected,  at  100  MHz  no  great  diversity  effects  were  noted.  The  diversity  gain  at  40  MHz  comes  from  the 
uncorrelated  fading  of  the  tails  of  the  bursts  which  is  caused  by  distortion  of  the  meteor  trail  by 
turbulent  winds  and  is  almost  absent  at  100  MHz,  because  at  that  frequency  tne  majority  of  signals  do  not 
last  long  enough  to  be  affected  by  winds. 

3.3  The  40  and  100-MHz  Comparative  Tests 

The  comparative  tests  were  designed  to  compare  the  two  frequencies  with  regard  to  traffic 
capacity  and  the  relation  between  duty  cycle  and  signal  strength  using  data  measured  simultaneously.  Since 
dual  sets  of  COMET  control  circuitry  (one  for  each  frequency)  did  not  exist,  a scheme  was  devised  whereby 
two  40 -MHz  and  two  100-MHz  receiver  outputs  could  be  fed  simultaneously  to  the  COMET  equipment. 

In  the  direction, Staalduinen  - La  Crau,  the  traffic  was  carried  basically  on  40  MHz.  The  power 
used  was  2000  watts,  in  order  to  ensure  that  a North-South  path  existed  whenever  the  lower-power  South- 
North  path  was  present.  In  the  North-South  direction,  a 100-MHz  path  was  also  used  in  case  a burst  at 
100  MHz  should  be  present  when  there  was  no  40-MHz  path.  The  100-MHz  transmitter  power  was  4000  watts. 

At  the  La  Crau  terminal  all  signals  were  combined  and  the  character  decisions  were  taken  in  a 5-branch 
multidetector. 

From  La  Crau,  40-MHz  signals  were  transmitted  at  200  watts  and  in  the  early  tests  100-MHz  signals 
at  4000  watts.  Later,  the  La  Crau  100-MHz  power  was  lowered  to  2000  watts.  All  the  100  MHz  results 
presented  in  this  paper  have  been  normalized  to  2000  watts.  In  Staalduinen,  all  signals  were  used  by  the 
COMET  system  in  a 5-brar.ch  multidetector.  With  the  help  of  this  combined  frequency  system  it  was  possible 
to  comnunicate  via  a trail  at  100  MHz  or  40  MHz,  or  even  one  way  with  one  frequency  and  back  with  the  other. 

It  was  only  necessary  to  ensure  that  the  40  MHz  and  100  MHz  transmitter  keyers  were  fed  in  phase. 

At  the  Staalduinen  terminal,  the  number  of  characters  correctly  received  during  communications  was 
recorded  for  both  frequencies.  An  extensive  switched  test  was  performed  to  determine  what  relation  the 
traffic  capacity  figure  measured  in  the  above  way  bore  to  the  traffic  capacity  measurements  for  each  frequency 
alone  and  using  equal  transmitter  powers  at  the  two  ends  of  the  circuit.  During  this  calibration  test  which 

lasted  6 days,  the  system  was  switched  from  the  above  configuration  to  purely  40  MHz  or  purely  100  MHz  after 

each  7 S minute  transmission  period.  In  each  hour,  therefore,  there  were  comparative  periods  and  three  single- 
frequency periods.  In  this  way,  the  normalisation  factors  of  0 dB  for  40  MHz  and  -2.5  dB  for  100  MHz  were 
obtained.  All  the  results  have  been  normalized  and  represent  true  comparisons  between  COMET  systems  operating 
at  200  watts,  36.59  MHz  and  2000  watts,  106.47  MHz. 

Duty-cycle  vs  signal-level  data  were  also  gathered  at  Staalduinen.  Signals  from  one  40-MHz 
antenna  system  at  a height  of  2.6  1 and  one  100-MHz  antenna  system  at  a height  of  2.6  X were  fed  to  the 
digital  recorder.  The  percentage  of  time  during  which  each  signal  exceeded  its  10  preset  levels  was 
recorded  for  each  7-minute  period.  Here  again,  the  relevant  frequencies  constituting  the  basis  for  the 
comparison  are  36.59  and  106.47  MHz  at  transmitter  powers  of  200  and  2000  watts,  respectively. 

4.  EXPERIMENTAL  RESULTS 

4.1  Traffic  Capacity 

4.1.1  The  Hourly  Average  Capacity 

k large  number  of  results  were  obtained  of  the  average  hourly  capacity  of  the  circuit  at  both  40 
and  100  MHz.  Examples  are  given  here  in  Figs.  9 to  11.  The  first  two  are  for  40  MHz  and  100  MHz  over  the 
same  time  period,  namely  13-17  Nov,  1967.  Both  show  a sinusoidal  variation  of  duty  cycles  over  the  day. 
However,  at  40  MHz  this  sinusoidal  variation  was  always  quite  distinct,  whereas  at  100  MHz  this  was  often 
obscured  by  the  presence  of  meteor  showers.  This  effect  is  illustrated  in  Fig.  11  where  the  diurnal 
variation  is  far  from  being  sinusoidal. 

This  difference  in  diurnal  patterns  between  40  MHz  and  100  MHz  transmissions  comes  about  because 
the  distribution  of  different  sizes  of  meteors  in  meteoric  showers  is  different  from  that  for  the  background 
of  sporadically-appearing  meteors,  which  carry  the  bulk  of  traffic  at  low  VHF  frequencies.  At  high 
frequencies,  the  signal  from  a given  meteor  trail  tends  to  last  a much  shorter  time  than  at  low  frequencies. 

In  fact,  the  many  small  meteors  which  carry  so  much  of  the  traffic  at  40  MHz  do  not  last  long  enough  at  100 
MHz  to  allow  the  COMET  system  to  attain  synchronization.  Meteor  showers,  however,  tend  to  contain  a higher 
proportion  of  large  meteors  than  is  usually  the  case  for  the  sporadic  variety,  and  so,  whereas  a shower  may 
only  cause  a small  increase  in  the  background  at  40  MHz,  it  can  cause  large  increases  at  lfO  MHz.  Another 
reason  for  the  departure  from  sinusoidal  shape  is  the  lower  sensitivity  of  100-MHz  traffic  capacity  to  cosmic 
noise.  At  100  MHz  the  noise  level  is  determined  for  the  greater  part  of  the  day  by  receiver  noi9e.  Only  for 
a few  hours  a day,  when  cosmic  noise  is  at  its  peak,  does  it  limit  reception  at  100  MHz.  In  contrast  to 
this,  the  40-MHz  noise  level  is  always  determined  by 


cosmic  no ist*  and*  aa  a result,  may  vary  as  much  as  10  dB  In  the  course  ot  a day.  The  effects  of  tl.is  can 
he  seen  clearly  during  the  13-17  November  comparat lve  test.  The  40-NHs  traffic  capacity, Fig . 9.,  has  a 
deep  depression  around  1S:00,  the  time  of  the  noise  maximum  at  Staalduinen  for  that  time  of  year.  The 
100-HHi  results  (Fig.  10)  lack  this  feature  and  have,  instead,  a smaller  minimum  at  17:00  - 18:00,  when 
the  number  of  meteors  is  at  a minimum. 

4.1.2  Comparison  of  Capacity  at  40  and  100  MHz 

Fig.  12  gives  a summary  of  the  measured  duty  cycles,  1c,  for  both  40  HHr  and  100  HHr  showing 
average  values  for  each  of  the  4 or  S day  test  periods,  together  with  the  maxlmiun  and  minimum  values 
during  each  period.  For  convenience,  smooth  dotted  lines  have  been  drawn  through  the  average  values. 

Six  plots  were  made  of  the  ratio  ot  the  duty  cycles  involved  as  a function  of  the  time  of  day 
and  Fig.  13  gives  one  of  these.  The  difference  in  noise  dependence  at  40  and  100  HHr  is  very  noticeable 
in  ratio  plots  such  as  Fig.  13.  In  such  figures  there  was  nearly  always  a dip,  representing  better 
relative  100-MHz  performance  at  high  cosmic  noise  levels.  The  position  of  the  Staalduinen  noise  maximum 
is  matked  on  Fig.  13  with  an  arrow,  since  it  is  the  noise  at  this  terminal  which  determines  traffic 
capacity  - the  noise  at  La  Crau  varied  but  little  during  the  day. 

Another  clearly  evident  tendency  in  Fig.  13  is  a peak  around  noon.  This  feature  is  nearly 
always  present  and  is  presumably  due  to  the  prevalence  at  that  time  of  propagation  modes  other  than  meteor 
burst  on  40  MHz.  Peak  lonoscatter  occurs  at  maximum  sun  elevation  and  the  phenonmenon  is  still  important 
at  40  MM*,  whereas  at  100  MHz  it  is  totally  absent . 

The  ratio  of  the  average  daily  traffic  capacities  is  17.6  in  Fig.  13.  Except  for  the  two  tests 
in  June,  all  the  ratios  obtained  were  in  the  range  18  ♦ 1.5.  The  June  values  are  much  lower,  indicating 
that  100-NHt  propagation  was  relatively  better  during  that  month.  This  is  in  line  with  the  fact  that  the 
whole  month  of  June  is  characterized  by  Important  day-time  meteor  showers.  The  Arietlds  and  Zeta  Perseids 
reached  a broad  peak  of  activity  around  8 June.  Just  as  these  two  large  showers  were  fading  in  mid-June, 
the  Beta  Taurida  weio  beginning  to  build  up  towards  a maximum  on  30  June.  As  previously  explained,  meteor 
showers  tend  to  favour  100-HHz  propagation. 

4.1.3  The  Influence  of  Shower  Meteors  on  Traffic  Capacity 

For  coramunicat ion  purposes,  shower  meteors  are  generally  considered  to  be  of  little  importance 
compared  with  sporadic  meteors.  However,  it  has  been  shown  that  this  is  untrue  at  the  higher  frequencies 
while  even  at  40  MHz , showers  play  an  Important  role  in  meteor  burst  communication  as  evidenced  by  our 
records  in  June.  The  13-17  November  comparative  test  ended  lust  too  soon  to  record  the  full  potential 
of  the  19t>7  display  of  the  Leonid  periodic  shower  but  much  increased  capacity  can  be  seen  between  0600 
and  0800  on  17  November  as  the  shower  started  (Figs.  9 and  10).  In  general  though,  it  is  only  showers 
which  recur  every  year  that  have  an  Important  effect  on  meteor  communication. 

Owing  to  the  fact  that  shower  meteors  move  in  defined  orbits  around  the  sun,  all  the  meteors  of 
a given  shower  enter  the  earth's  atmosphere  from  a common  direction  i.e.  from  the  same  radiant.  For  showers 
which  have  radiants  near  the  ecliptic  plane,  the  radiant  point  rises,  traverses  the  sky  from  east  to  west 
like  the  sun  and  then  sets.  For  a north-south  communications  circuit,  this  produces  a typical  tvo-huraped 
increase  in  traffic  capacity  as  the  radiant  is  suitably  oriented  for  the  two  "hot-spots"  on  either  side  of 
the  path,  this  sort  of  behaviour  is  typical  of  the  Ar let  ids,  Perseids  and  Taurids  of  June.  Fig.  11  clearly 
shows  the  two  peaks,  at  0700  and  1400  hours,  respectively.  If  a shower  has  a radiant  point  near  the  pole 
star,  as  is  the  case  with  the  Ursid  shower  of  late  December,  it  can  affect  propagation  for  24  hours  a day 
over  the  entire  duration  of  the  shower.  An  east -west  path,  for  instance,  could  expect  enhanced  traffic 
capacity  24  hours  a day  for  nearly  1 week  from  the  Ursida.  A north-south  link,  however,  has  only  the  two- 
humped response  even  to  this  shower.  This  was  borne  out  by  two  peaks  at  0300-0400  and  1300-1500  on  the 
records  for  21  and  22  December. 

4.1.4  Statistical  Variation  of  Traffic  Capacities  at  100  MHz 

Fig.  14  shows  the  variation  for  the  7-minute  tral  ic  capacity  as  normalized  to  the  pertinent 
hourly  value.  In  the  same  way  that  the  hourly  100-HH2  values  are  more  variable  than  are  their  40  MHz 
counterparts  the  7-mlnute  values  are  likewise  more  variable  than  is  the  case  at  40  MHz.  It  was  found 
that  the  short-term  40  MHz  traffic  capacity  over  7-minute  periods  was  bounded  by  0.5  and  2.0  times  the 
hourly  value  in  80%  of  case:*.  This  compares  with  90%  boundaries  at  0.25  and  5.0  times  the  hourly 
capacity  for  100  MHz. 

4.2  Burst  Statistics 

4.2.1  The  Definition  of  a Burst 

The  statistics  presented  here  concern  "information  bursts",  during  which  information  is  passed 
both  ways  on  the  circuit.  In  keeping  with  this  definition  and  the  AR Q techniques  used  in  COMET,  all  bursts 
whe*  leas  than  10  characters  were  received  at  the  Staalduinen  terminal  have  been  disregarded.  In  the  same 
way,  short  Interruptions  in  the  middle  of  bursts  where  a repetition  was  requested,  have  been  disregarded. 
They  were  not  count ed  as  part  of  the  burst  because  no  information  was  passed,  but  neither,  on  the  other 
hand,  were  they  re«  arded  as  marking  the  end  of  one  burst  and  the  beginning  of  the  next.  This  overcomes  the 
problem  that  previous  workers  have  experienced  in  distinguishing  between  new  bursts  and  fades  in  an  old 
one.  The  distinction  is  drawn  automat ical ly  in  COMET  circuitry,  on  the  basis  of  the  length  of  the  "fade" 
and  whether  the  "new  burst"  has  a different  path  length  after  the  "fade". 

4.2.2  Burst  Lenqth  Statistics 

The  data  used  to  calculate  burst- length  and  Intel val  statistics  were  collected  during  five  tests 
covering  the  period  15  September  to  22  December  1967.  This  extensive  testing  was  necessary  to  obtain  a 
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Isig*  sample  of  information  bursts  which  are  considerably  rarer  at  100  HH?  than  at  40  HH* . 

Fig.  IS  ihiw*  the  probabi  l It  y distribution  of  burst- lengths  at  40  HHs  (based  on  fotmer  tarts)  and 
100  HH*.  It  can  be  toon  that  neither  40  noi  100-HHs  burst -lengths  fit  an  exponential  probability 
vlist » ibut  ion,  except  for  short  bursts  of  less  than  O.s  seconds.  From  equation  (10)  one  would  expect  that 
the  probability  distribution  of  burst -length;*  for  " unde t dense"  bursts  should  follow  an  exponential  law. 

This  wvxi Id  seem  to  hold  t»ue  in  the  vmdeiMense  region,  up  to  about  O.S  seconds  duration.  Bursts  longei 
than  about  this  value  ate  probably  overdenee  and  should  not  I'e  expected  to  fit  an  exponental  vlist  1 1 but  ion . 

In  fact,  the  statistics  for  such  long-duration  bursts  could  be  better  characterised  by  a power  law  as  van 
be  seen  fives  rig.  lh  where  the  probability  distribution  is  shown  plotted  in  log-log  coordinates. 

Because  evening  meteors  have  lower  velocities  than  morning  meteors  and  therefore  produce  then 
ionisation  lower  down  in  the  earth's  atmosphere,  it  might  be  expected  that  long-duration  meteor-bursts 
would  be  more  prevalent  in  the  evening  hours.  This  is  because  the  duration  of  bursts,  is  Inversely 
proportional  tv'  the  diffusion  constant  and  this  decreases  rapidly  with  decteasing  height.  As  can  be  seen 
from  Fig.  IS,  at  40  HH7  the  expeiiment*  showed  only  a slight  increase  in  burst  length  for  the  afternoon 
period.  On  the  other  hand  at  100  HH*  the  reverse  effect  is  shown,  namely  the  longet  bursts  occur  in  the 
morning.  This  "reverse  effect"  is  characterist ic  of  the  long  duration  echoes  and  would  therefore  appeal 
to  be  associated  mainly  with  overdense  echoes.  An  explanation  for  the  reverse  effect  can  be  found  In  the 
fact  that  the  frequency  concerned  Is  close  to  the  transition  frequency  discussed  in  section  2.1(c). 

Ignoring  the  wavelength  terms  in  the  time  constants,  we  have  the  following  pro  port  lonal  it  les  for  the 
time  constants  at  frequencies  below  or  above  the  ttansition  frequency  f^ 

sec  f < fm  (21) 

Tl  * -fT—  T 

T,  f * fT 

V-  sec* (P 

These  equations  apply  to  both  the  underdense  anvl  overdense  trails  though  in  the  case  of  T,  the 
extension  of  equation  (22)  to  the  forward  scatter  overdense  case  has  yet  tv'  be  confirmed  (Ref.  8). 

Possible  values  for  morning  and  evening  parameter*  for  ftequencie*  in  the  region  of  100  HH*  ai e 
as  fol lows : 


Hoi ning 

Evening 

velocity  in  km/ sec 

JV 

IS 

Height  in  km 

100 

90 

Diffusion  constant 

12 

2.7 

Sfc  if  for  1000  km 

4,. 10 

4.67 

Inserting  these  values  in  equations  (21)  ami  (22)  gives  the  following  rat  lost 


Evening  T^ 
Horning 

Evening 

Horning  T. 

« 


V.2S 


1.04 


(Ml 
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Now  th*  actual  duration*  depend  also  on  th*  eensltlvlty  of  th*  *yst*m.  V suitable  simple 
criterion  l«  to  tat*  th*  product  of  the  echo  amplitude  and  th*  time  constant.  Then  from  Flo . V It  oan  he 
seen  that  for  f ■ f the  result  l*  roughly  independent  of  the  time  of  day,  while  for  f ' f afternoon 
echoes  would  he  favoured,  though  not  so  strongly  a*  the  ratio  of  (.'II  to  (.'41 . Titus  we  should  expect  the 
durations  for  f * f to  show  only  slight  variation*  with  time  of  day,  whereas  for  f ' f^  the  morning  echoes 
would  he  favoured. 

Because  of  the  difference  In  the  decay  of  the  underdense  and  overdense  echoes,  th*  durations  of 
the  latter  aiw  much  less  Influenced  by  the  sensitivity  of  the  system.  Therefor*  In  comparison  with  under- 
dense echoes , the  overdense  echoes  should  conform  mot*  to  equations  (?"  and  (.'4'  and  less  to  the  product 
criterion. 


Thus  we  can  explain  In  quallttv*  tens*  both  features  shown  in  the  experimental  tesults  of  Fig.  in, 
namely  that  at  100  Nils  tt  ts  the  morning  echoes  which  have  the  longer  duration,  and  also  that  this  effect 
occurs  essentially  fot  reflections  from  overdense  ttatls. 

4.2.'  Bui st-lnterval  Statistic* 

Th*  distributions  of  burst-intervals  shown  In  Fig.  I?  all  fit  exponential  curves,  as  is  to  he 
expected  when  one  consider*  that  meteor*  occur  at  random.  Th*  difference  between  40  NHr  and  100  Nils  Is 
marked,  100-MH,  burst*  bet'  u-h  less  frequent.  Th  * can  also  he  seen  In  Ftq.  10,  wheie  the  statistics 
for  th*  number  of  burst*  p.  . minute  period  for  40  and  100  HH,  are  compared . 

4.1  Signal  level  Statistics 


1 
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4.3.1  Diurnal  Variation  of  Signal  Statistics 

There  has  been  some  attention  given  in  the  past  to  determining  whether  the  slope  of  the  signal 
level  distribution  varies  with  the  time  of  day.  The  40-100  KHz  comparative  data  were  examined  for  this 
effect.  The  results  from  the  tests  of  19-22  September  and  10-13  October  were  averaged  out  and  plotted 
in  two-hour  intervals.  Each  curve  was  an  average  of  about  10-12  hours  of  data  as  taken  from  the  relevant 
time  interval  on  the  days  when  the  two  tests  were  held.  The  results  may  be  summarized  by  saying  that  the 
100-KHz  curves  showed  no  consistent  variations  in  slope.  The  40-KHz  curves  showed  a tendency  for  a high 
duty-cycle  intercept  to  be  associated  with  a lower  slope  value.  The  tendency  was  not  pronounced  and  may 
have  owed  something  to  the  tendency  of  the  curves  to  bunch  as  noise  level  is  approached.  At  that  time  of 
the  year  the  noise  level  at  Staaldulnen  reaches  its  daily  maximum  at  about  1700  hours  and  would  have  a 
value  near  -10  dB.  Values  for  0 dB  and  above  can  certainly  be  assumed  to  be  free  of  noise  influence.  Thus 
if  there  is  a slope  dependence  on  the  tune  of  day,  the  effect  is  not  pronounced. 

4.3.2  Results  from  the  Comparative  Tests 

For  the  comparative  tests,  one  signal  from  a 40-KHz  and  one  signal  from  a 100-KHz  receiver,  were 
selected  for  signal-level  recording.  The  signals  chosen  came  from  antennas  with  the  same  radiation  pattern, 
i.e,  the  signal  from  a 40-KHz  antenna  at  a height  of  2.6X  was  compared  with  the  signal  from  a 100-KHz  antenna 
at  the  .ame  relative  height.  However,  very  little  difference  in  the  duty  cycle  for  high  and  low  antennas  was 
observed. 

The  results  are  shown  in  Fig.  19  and  represent  the  signal  distribution,  averaged  out  for  each 
frequency  and  test.  Assuming  a matched  load,  and  a receiving  antenna  gain  of  10  dB,  th*»  0 dB  point  on  the 
abscissa  corresponds  to  -143  dBW.  The  averages  were  carefully  taken  over  three  or  four  whole  24-hour  pet iods 
for  each  test,  in  order  to  avoid  bias  with  regard  to  any  particular  time  of  day.  It  an  be  seen  that  all  the 
curves  are  approximately  parallel  and  in  fact  the  values  of  the  Intercepts  at  a given  signal  level  follow 
about  the  same  increasing  order  as  do  the  24-hour  average  traffic  capacities.  Any  small  difference  can  be 
attributed  to  one  of  two  factors: 

(a)  The  traffic  capacity  results  are  influenced  by  noise  level  and  by  the  t ime  of  the 
daily  noise  level  maximum,  whereas  the  signal  statistics  are  independent  of  noise. 

(b)  The  traffic  capacity  and  signal  statistics  results  may  have  been  based  on  siiqhtly 
different  samples  of  data.  In  deriving  the  traf f ic-capad ty  results  almost  all  the 
different  types  of  data  were  used.  Onl>  those  7S-minute  periods  in  which  severe 
and  lengthy  interference  was  present  were  excluded  from  the  averages.  Short  bursts 
of  interference  were  considered  to  have  no  effect  on  traffic  capacity,  especially 
at  100  KHz,  where  Interference  bursts  may  occur  between  meteor-bursts  without  any 
adverse  result.  However,  any  interference  can  upset  the  signal-level  results  and 
lead  to  over-optimistic  curves.  All  periods  containing  interference  were  excluded 
from  the  averaging  process  which  produced  the  duty-cycle  vs  signal- level  curves. 

(Periods  of  sporadic-E  reflections,  observed  on  tht  .ower  frequency  only,  have  been 
excluded  from  all  the  results). 


Fig.  20  represents  an  average  of  signal-level  statistics  drawn  from  all  the  tests  and  is  therefore  useful 
for  predicting  the  yearly  average  duty  cycle  for  any  system  proposed.  It  can  be  seen  that  the  slopes  of 
the  two  curves  in  Fig.  20  are  equal  in  the  expected  operating  regions,  namely  2000-Hz  bandwidth,  cosmic 
noise,  10-15  dB  SNR.  In  fact,  the  curves  are  very  closely  parallel  and  have  uniform  slopes  except  at  very 
high  thresholds  so  that  the  curves  can  be  approximated  by  the  relation  D « V*  , where  D is  the  duty 
cycle  at  a given  input  voltage,  V is  the  voltage  level  of  the  received  signal,  and  K is  a constant  with 
value  1.2.  The  value  of  the  slope  K , indicates  that  It  is  very  advantageous,  in  terms  of  information 
capacity  to  increase  the  signalling  rate  and  bandwidth. 

In  terms  of  received  power  we  have  D « P and  this  relationship  can  be  used  for  adjusting 

for  the  difference  in  transmitted  powers  when  comparing  the  results  obtained  at  the  two  frequencies. 

Using  equation  (8)  we  obtain  the  theoretical  values  for  the  transmission  losses  at  the  two  frequencies, 
given  in  Table  I. 


Table  I 

Theoretical  Transmission  Losses 
1000  km  Circuit 
q - 1014  electrons/m 


Frequency  in  KHz 

36.6 

106.5 

Angle,  B,  of  Keteor  Trail 

0° 

90° 

0° 

NO 

o 

0 

Losses  in  dB 

(a)  h - -17  log  f + 124 

169.0 

180.5 

186.1 

195.4 

(b)  h - -17  log  f ♦ 136 

174.9 

183.1 

197.6 

200.6 

For  case  (a)  the  heights  used  are  the  average  values  as  shown  In  Fig.  2.  However  the  much  hiqher 
ceilings  which  apply  in  the  case  of  oblique  transmissions  (see  Fig.  5)  suggest  that  the  contributions  of 
reflections  from  greater  heights  may  be  significant  So  for  case  (b)  an  Increase  in  height  of  12  km  has 
been  assumed.  In  view  of  the  uncertainty ies  Involved,  compromise  values  have  been  adopted  for  the 
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difference  between  the  losses  at  36.6  MHz  and  106. S MHz . These  compromise  values  are  shown  In  Table  II. 


TABLE  11 

Relative  Values  of  Transmission  Losses 


Frequency  in  MHz 

36.6 

106.5 

Transverse  trail 

( 3 - 90°) 

0 dB 

16  dB 

Longitudinal  trail 

( *3  - 0°) 

0 dB 

20  dB 

— 

In  the  present  case  the  powers  used  differed  by  10  dB.  Thus  we  would  expect  the  curve  for  106.5 
Khz  to  be  displaced  horizontally  by  6 dB  and  10  dB  relative  to  the  36.6  MHz  curve  for  the  transverse  and 
longitudinal  cases  respectively.  Now  the  experiments  would  have  involved  a whole  range  of  differently 
angled  trails,  so  that  each  experimental  curve  represents  an  averaging  of  all  usable  radiants.  In  the 
absence  of  more  exact  knowledge,  the  dotted  theoretical  curves  for  106.5  MHz  in  Fig.  20  are  drawn  using 
twizontal  displacements  of  6 dB  and  10  dB  from  the  measured  curve  for  36.6  MHz. 


The  predicted  vertical  displacement  would  depend  on  the  relative  time  constants  (or,  morn 
accurately,  on  the  relative  durations)  and  on  the  relative  number  of  meteor  trails  involved  in  each  case. 

If  we  had  only  a relationship  to  deal  with  the  vertical  displacement  would  be  a factor  of  8.5.  However, 
as  shown  by  equation  (11)  the  time  constant  is  also  a function  of  l/t>  where  D is  the  diffusion  constant 
which  in  turn  is  a marked  function  of  height.  A further  complication  is  that  the  upper  frequency  of  106.5 
MHz  is  approaching  the  transition  frequency.  There  is  therefore  no  valid  simple  theoretical  relationship 
for  assessing  the  relative  durations.  Experimentally  a ratio  of  about  2.3  is  given  from  an  examination  of 
the  higher  probability  levels  in  Fig.  15. 

The  number  of  meteors  involved  can  be  estimated  from  the  burst  interval  distribution.  Reading  from 
Fig.  17  suggests  a ratio  of  about  3.5  s 1 for  the  two  frequencies  concerned.  The  product  of  this  with  the 
ratio  for  the  durations  is  close  to  8 : 1 and  this  is  the  value  used  in  Fig.  20.  A vertical  displacement  of 
this  value  leads  to  the  two  dotted  lines  shown.  Since  the  radiants  must  be  fairly  evenly  distributed,  the 
curve  predicted  in  this  way  would  lie  somewhere  in  the  middle  of  the  two  dotted  lines. 

The  experimental  results  however  show  a ratio  of  the  duty  cycles  closer  to  17  : 1 than  8 : 1 and 
the  fact  that  the  upper  tost  frequency  is  approaching  the  transition  frequency  must  be  primarily  responsible 
for  this. 


(a) 


(b) 


The  experimental  results  may  be  summarized  as  follows: 

the  vaxiation  of  duty  cycle  at  a given  received  power  with  power  is  given  by 


-0.6 


(17) 


the  variation  of  information  duty  cycle  for  constant  signal -to -noise  ratio  could  be  expressed 
as: 


I « 

c 


(18) 


Equation  (17)  holds  for  a fairly  wide  range  of  signal  levels  as  witnessed  by  Fig.  19.  Equation 

(18)  is  a combination  of  the  experimental  value  of  17  : 1 duty  cycle  difference  referred  to  above,  plus  the 

fact  that  cosmic  noise  varies  as  , The  latter  relationship  gives  an  11.6  : l ratio  in  the  noise  levels, 

at  36.6  and  106.5  MHz,  and  by  equation  (17)  this  translates  to  an  equi valent  power  ratio  of  0.23  : 1. 

Using  the  fourth  power  relationship  In  equation  (18)  gives  a 1 ratio  of  70.73.  Multiplying  this 

by  0.23  gives  16.3,  which  is  a good  approximat ion  to  the  value  of  17  as  Seduced  previously. 

4.4  Comparison  of  Performance  at  40  and  100  MHz 

4.4.1  Information  Duty  Cycles 

A siznmary  of  the  measured  average  information  duty  cycles  is  given  below. 


Information  Duty  Cycle,  I 

(percentage) 

Dates  (all  1967) 

36.6  MHz 

106.5  MHz 

26  - 28  April 

5.94 

0.336 

8-12  May 

8.17 

0.435 

6 - 9 June 

13.5 

0.94 

13-16  June 

- 

0.903 

20  - 23  June 

12.9 

1.05 

28  - 30  June 

- 

0.691 

12-15  September 

- 

0.353 

19  - 22  September 

9.14 

0.474 

10  - 13  OcLober 

- 

0.55 

6-10  November 

- 

0.373 

13  - 17  November 

14.0 

0.725 

20  - 24  November 

- 

0.352 

27  Nov  - 1 Dec 

- 

0.807 

18  - ?2  December 

- 

0.606 

Average  value 

10.61% 

0.614% 

The  ratio  of  the  two  average  values  is  17.3  : 1.  This  is  only  in  fair  agreement  with  the  ratio  of  12  : 1 
as  derived  from  Pig.  20  at  the  12  dB  SNR  levels.  However,  it  should  be  noted  that  extremes  of  only  plus 
and  minus  2 dB  in  the  required  signal  to  noise  ratio  could  change  the  ratio  to  one  of  24  : 1 . 

The  abscissa  values  shown  for  12  dB  SNR  in  Fig.  20  are  based  on  the  following  formula  for  the 
cosmic  noise  power  per  unit  bandwidth. 

PN  ’ -152  -23  1O*10  fMHZ  dBW  U9) 


If  we  equate  the  radiated  powers  so  that  both  are  for  a radiated  power  of  2000  watts  then  according 
to  equation  (17)  the  duty  cycle  of  the  36.6  MHz  case  should  be  increased  by  a factor  cf  4.  The  ratio  of 
the  information  duty  cycles  then  becomes  42.44  to  0.614  i.e.  69.1  : 1.  This  ratio  is  almost  exactly  the 
value  given  by  a X4  lav.  Pig.  21  shows  a plot  on  log-log  paper  of  the  measured  average  values  of  1^,  the 
information  duty  cycle  as  a function  of  frequency  using  a straight  line  to  join  the  two  extreme  points  at 
36.6  and  106.5  MHz. 


The  X*  law  represented  by  this  line  is  a considerable  departure  from  the  often  quoted  simple 
theoretical  law  of  X2*'  as  given  by  the  com;  ination  of  a cube  law  for  the  peak  power,  a square  law  for 
the  duration  and  a 2.3  power  law  for  cosmic  noise.  However  this  theoretical  law  assumes  that  the  same 
meteor  trails  are  involved  at  all  wavelengths. 


A more  appropriate  relationship  is  obtained  if  the  change  in  the  number  of  effective  trails  is 
allowed  for,  and  if  an  allowance  is  made  for  changes  in  the  average  height  of  the  reflection  (i.e.  for 
changes  in  the  diffusion  constant).  The  parameters  involved  are  then  as  given  in  the  table  below. 


Value  of  Index 

Index  Parameter 

Symbol 

Underdense 

Overdense 

Peak  receiver  power 

n 

3 

3 

•*» 

P 

ft 

oft 

Time  constant 

nt 

2 

2 

Cosmic  noise  level 

n 

n 

2.3 

2.3 

Distribution 

nd 

0.5 

2.0 

The  informat  on  duty  cycle  ratio  is  given  by 

I « X(n  - n ) n.  ♦ nk  (20) 

c p n d t 

ft  The  time  constant  varies  as  D (where  D is  the  diffusion  constant)  and  since  D varies  approximately 
as  X on  account  of  the  increase  in  height  with  X,  a more  accurate  value  for  n would  be  unity.  This 
might  be  called  the  "ceiling  effect"  value. 
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For  underdense  trails  and  no  celling  effect  we  have  from  the  table  above, 
I - X2-35 

C 


Allowing  for  celling  etfect  gives 


For  overdense  trails,  the  corresponding  relationships  aret 
3 .4 

Ic  ® \ for  no  celling  effect 

Ic  ° with  ceiling  effect 

Whatever  mixture  of  underdenso  and  overdense  trails  one  assumes , these  relationships  fall  far  short  of  the 
experimental  fourth  power  law.  One  can  only  suppose  that  the  proximity  of  the  upper  frequency  used  to  the 
transition  frequency  has  played  a big  part.  If  so,  a reduced  power  law  would  apply  to  frequencies  below 
106.5  MHz . Put  in  another  way,  one  may  be  confident  that  for  frequencies  of,  say,  70  MHz  the  loss  in  duty 
cycle  in  compari?ion  with  36.6  MHz  will  certainly  not  exceed  that  indicated  by  Fig.  21. 


^ The  values  for  n^  arise  out  of  the  fact  that  P is  proportional  to  q for  underdense  trails  and 
to  q for  overdense  trails.  Thus  if  only  underdense  trails  were  involved  one  wouti  expect  the  duty  cycle 
to  vary  as  PR~  0*  . Our  experimental  value  of  0.6  for  n suggests  that  reflections  from  underdense  trails 
lominated  in  our  system.  A similar  result  was  obtalnedny  Montgomery  and  Sugar  (Ref.  9). 

It  is  apparent  that  the  results  shown  in  Fig.  21  cannot  be  extrapolated  to  lower  frequencies.  In 
this  respect  it  is  Important  to  remember  that  below  about  50  MHz  the  statistics  will  be  contaminated  by  the 
presence  of  ionoscatter  signals.  Fig.  21  will,  however,  give  a convenient  picture  of  the  probable  behaviour 
of  frequencies  between  40  and  100  MHz.  For  example,  using  a frequency  of  70  MHz  (when  the  intrusion  of 
sporadlc-E-ref lections  can  virtually  be  forgotten)  the  Information  duty  cycle  will  be  about  2.5%,  This 
would  give  one  50  baud  circuit  if  a transmission  rate  of  2000  band  is  used. 

4.4.2  Effect  of  Bandwidth  on  Performance 

Using  the  fact  that  the  noise  power  is  proportional  to  the  bandwidth,  one  can  derive  the  variation 
of  the  information  duty  cycle  with  bandwidth  fran  Fig.  20,  The  result  is 


Where  B - bandwidth  in  Hz 


The  information  transferred,  I,  is  proportional  to  the  signalling  rate  times  the  duty  cycle,  and 
the  former  may  be  assumed  to  be  proportional  to  the  bandwidth.  We  therefore  have 


I « b'0,6.B  (22) 

■ B0-4 

Equation  (221  is  Independent  of  frequency  and  indicates  that,  for  maximum  information  transfer , 
the  bandwidth  and  signalling  rate  should  be  a s high  as  possible.  The  only  limitations  are  those  imposed 
by  bandwidth  availability  and  by  the  maxinmm  acceptable  delay  in  transmitting  a message.  The  latter 
limitation  arises  because  a hiqh  signalling  rate  implies  a low  duty  cycle  which  in  turn  implies  the 
possibility  of  longer  message  delays. 


No  limitation  is  likely  to  be  set  by  the  coherency  bandwidth  since  this  bandwidth  is  of  the  order 
of  several  MHz  for  the  main  part  of  the  burst.  Even  for  the  tails  of  the  burst  (when  fading  takes  place 
due  to  wind  shears)  the  coherency  bandwidth  is  some  hundreds  of  KHz.  Calculations  on  this  point,  together 
with  some  experimental  verification  may  be  found  in  Ref.  10. 

5.  CONCLUSIONS 

5.1  Kxper lmental  Results 

From  the  experimental  results  described  in  this  paper  for  a 1000  km  circuit  between  Southern  France 
and  Holland  the  following  conclusions  can  be  drawn: 

(a)  The  long  term  average  of  the  duty  cycle  ( the  fraction  of  the  time  that  the  received 

signal  level  exceeds  the  system  threshold)  is  related  to  the  transmitted  power  as 
follows: 

D « P0,6  (23) 

c 

where  • duty  cycle 

P • radiated  power 

Equation  (23)  is  valid  over  a wide  dynamic  range  and  for  frequencies  in  the  range  40  to  100  MHz. 

The  exponent  is  not  markedly  dependent  on  the  time  of  day. 
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Th.  DHiuriHl  Information  duty  eycla  ( tha  traction  of  t Inc  that  lnfot mat  Ion  la 
tranmittad  ovar  tha  circuit)  varlad  aa  followai 


I 


s 


lb) 


I 

« X4 

c 

wh.r. 

I 

c 

- information  duty  cycle 

X 

- wavelength 

Actual  values  of  I for  a 2000  watt  transmitter  are  42%  and  0.6%  for  36.6  MHc  and  106.5  MHc 
respectively.  This  assumes  fha  relationship  given  in  equation  (23)  for  converting  tha  10.6%  valua  at 
36.6  MHc  for  200  W to  tha  corraapondlng  parcantaga  for  2000  W. 

A fourth  power  law  differs  considerably  from  that  predicted  by  even  th©  moat  refined  theory. 

Since  the  theory  concerns  D it  might  be  thought  that  tha  difference  arises  out  of  the  time  delays 
Inherent  in  the  equipment  iV  I In  being  measured.  However  an  examination  of  the  signal  level  curves  in 
Fig.  20  shows  that  this  is  not  so.  If  we  take  the  vertical  distance  between  the  12  dB  SNR  operating  point 
on  the  curve  for  106.5  MH*  and  tha  operating  point  on  a curve  for  36.6  MHc  obtained  by  displacing  the  curve 
shown  by  10  dB  (to  allow  for  the  power  lifference)  than  the  D ratio  obtained  is  about  60  « 1 . This 
corresponds  to  a 3.8  power  law  and  is  theiefote  much  nearer  tfie  fourth  power  law  measured  for  Ic  than  the 
theoretical  2.7  power  law  for  Dc. 

(c)  The  slight  differences  ir.  the  diurnal  variations  of  the  traffic  capacities  at  40  and 

100  MHx  can  be  explained  by  the  pievalence  of  meteor  showers  at  certain  times. and  of 
other  modes  of  propagation  at  40  MHc.  particularly  around  mid -day. 

5.2  Parameters  for  a Jam-Resistant  Circuit 

If  a jamming  resistant  circuit  were  required,  the  results  w*>uld  indicate  the  use  of  a frequency 
in  the  region  of  70  MHc.  With  2 Kw  of  transmlttei  power  , antenna  gains  of  about  13  dB,  and  a transmission 
rate  of  20,000  baud,  a minimum  signalling  rate  of  one  50  baud  channel  and  an  average  rate  of  2.5  channels 
could  be  expected  with  an  error  rate  of  better  than  1 in  10*  in  the  absence  of  jamming. 

A distant  jammer  could  not  hope  to  reduce  the  throughput  of  a COMET  system  by  more  than  a few 
percent  by  jamming  via  meteorbui  st  pro  peg at  ion . A study  of  the  available  Information  on  sporadic  E 
reflections  indicates  that  the  jamner  might  expect  such  a propagation  mod©  for  less  than  S percent  of  the 
time  at  70  MHc  but  of  course  he  could  then  disrupt  all  comim.nlcat ion  on  the  circuit. 

5.3  Parameters  for  an  Order  Mire  Circuit 

In  HF  systems  the  problem  often  arises  a*  to  how  to  re-establish  contact  when  the  operating  frequency 
has  faded  out.  This  could  be  done  by  using  transmissions  in  the  mete>r-burst  mods,  for  which  purpose  the 
highest  allocated  frequency  is  themost  suitable.  Assuming  this  to  be  about  16  MHc,  one  could  switch  over 
to  metsorburst  modems  and,  with  antenna  gains  of  6 to  8 dB,  achieve  approximately  the  same  performance  as 
obtained  on  the  STC  experimental  link  at  40  MHc  using  antenna  gains  of  1.1  dB. 

Because  of  band-width  limitations  at  HF  vlarhlch  the  circuit  would  work  for  seme  fraction  of  the 
time,  the  transmission  rate  could  not  be  increased  above  the  value  used  in  COMET,  i.e.  2000  baud.  Bit  even 
this  would  give  the  equivalent  of  several  50  baud  channels  on  the  average,  and  at  least  one  such  channel 
at  any  time, with  transmitter  powers  of  l kW. 

Antenna  patterns  which  favoured  propagation  by  meteorburst  modes  would  automat  leal ly  also  enable 
full  use  to  be  made  of  sporadic-K  reflections. 
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COMMUNICATIONS  VIA  METEOR  TRAILS 
Frank  J.  Sites 

Consultant — California  Microwave 
2117  Loma  Alta  Drive 
Fullerton,  California  92633 

SUMMARY 

Unique  methods  of  communications  and  control  at  very  high  frequencies  (VHF)  are  shown  to 
be  possible  with  these  techniques  to  automatically  collect  small  amounts  of  data  as  of- 
ten as  every  minute  from  a multitude  of  mobile,  unattended  remote  and/or  portable  sta- 
tions which  may  be  located  up  to  2000  kilometers  from  any  one  of  the  several  control 
centers.  Work  over  the  last  several  years  (1)  supports  this  conviction,  (2)  has  devel- 
oped theoretical  and  empirical  data  into  useful  analytical  expressions,  and  (3)  has  pro- 
duced novel  relationships. 

This  paper  addresses  the  current  state-of-the-art  of  meteoric  communications,  basic 
meteoric  conditions,  system  engineering  implications,  and  why  these  developments  consti- 
tute a departure  from,  or  provide  unique  applications  of,  current  technology.  Accor- 
dingly, a brief  historical  development  is  provided  and  followed  by  an  explanation  of  the 
nature,  availability,  and  radio  characteristics  of  meteor  trails.  Such  material  in- 
cludes justified  propagation-availability  models,  availability  improvement  techniques, 
optimization  of  radio  system  provisions,  and  other  new  information.  It  is  shown  that  a 
departure  from  conventional  bistatic  paths,  point-to-point  practices,  and  brute  force 
techniques  promotes  a host  of  unique  and  intriguing  system  possibilities. 

Meteor  trails  support  essentially  a satellite-type  system  where  Nature  continuously  pro- 
vides a multitude  of  short-lived,  low-altitude  (passive)  satellites  for  all  areas  of  the 
world.  Thus,  most  of  the  advantageous  features  of  low-altitude  communications  satel- 
lites, some  features  not  possible  with  communications  satellites,  and  a no-cost  system 
of  satellites  for  any  area  apply.  Interesting  system  information,  such  as  exceptional 
frequency  and  bandwidth  conservation,  excellent  availability,  optimum  data  rates,  un- 
usual intercept  immunity,  modulation  considerations,  resistance  to  interference  from 
others,  low  transmitter  powers,  adaptive  network  capabilities,  related  system  applica- 
tions, and  automatic  system  potentials,  is  also  referenced.  Provisions  to  satisfy  many 
applications  that  can  probably  be  handled  by  these  techniques  have  not  heretofore  been 
economically  and  technically  practical. 

1.  INTRODUCTION 

In  addition  to  the  major  bodies  of  the  solar  system — nine  major  planets,  a number  of 
minor  planets  or  asteroids,  and  a multitude  of  comets — an  astronomical  number  of  minor 
or  meteoric  bodies  are  scattered  throughout  solar  space.  These  minor  bodies  range  in 
size  from  the  finest  grains*  of  material  or  dust  to  the  dimensions  of  the  lesser  aster- 
oids. The  orgin  of  such  potential  meteors  and  meteorites  remains  a matter  of  conjec- 
ture, although  plausible  theories  have  been  advanced  by  Whipple  (Whipple,  F.L.,  1951), 
Oort,  and  others. 

Though  most  meteors  are  completely  consumed  during  the  firey  plunge  through  the  earth's 
atmosphere,  occasionally  the  mass  of  the  particle  is  sufficient  to  survive  the  fire- 
ball state  and  the  residue  falls  to  earth  as  a solid  body  or  meteorite.  Such  survival 
presumes  that  the  weight  of  the  particle  before  capture  by  the  earth  is  at  least  5 kil- 
ograms (Baldet,  M.F.,  1964).  Meteoric  events  from  the  capture  of  the  finest  grains  of 
material,  which  produce  trails  that  can  only  be  detected  by  radio  means,  to  the  visually 
observed  shooting  stars  and  infrequent  fireballs  represents  a wide  range  of  dissimilar 
occurences.  Figure  1 illustrates  these  effects  and  the  related  observations  of  several 
early  investigators.  Because  of  the  magnitude  and  nature  of  these  variations,  all  me- 
teors cannot  be  described  as  originating  from  the  same  source.  Present  data  supports  an 
intrasolar  system  origin  for  meteoric  material  and  produces  firm  evidence  that  the  space 
position  of  meteor  showers  and  the  orbits  of  comets  are  interrelated.  This  confirmed 
source  of  material  for  meteor  showers  may  also  apply  for  the  more  predominate  sporadic 
meteors,  but  the  limited  mass  of  cometary  debris  suggests  that  other  origins,  at  least 
for  the  large  meteorites,  must  exist.  Table  I shows  some  of  the  near-earth  relation- 
ships that  apply  for  meteors  and  meteorites. 

Observations  have  confirmed  a strong  correlation  between  the  orbits  of  material  that 
produce  meteor  showers  and  the  paths  of  probable  parent  comets.  This  relationship  was 
first  suggested  by  Kirkwood  in  1861  and  confirmed  by  Schiaparelli  in  1886  from  evidence 
that  the  Perseids  shower  had*the  same  orbit  as  the  comet  Swif t-Tuttle , 1862  III  (Baldet, 
M.F.,  1964).  The  most  dramatic  substantiation  of  this  generic  postulate  is  the  unques- 
tionable association  of  the  comparatively  new  Giacobinid  shower  with  the  comet  Giaco- 
bini-Zinner,  1946  V.  Table  II  identifies  and  includes  data  concerning  the  more  promin- 
ent meteor  streams.  The  developments  that  follow  are  solely  concerned  with  sporadic 
meteors  and  the  occurence  of  meteor  streams  represents  an  enhancement  over  these  repre- 
sentations for  the  more  prolific  sporadic  meteors. 

♦Particles  smaller  than  about  one  micron  in  diameter  are  repelled  by  the  sun  since  solar 
radiation  pressure  on  such  microparticles  is  greater  than  gravitational  attraction. 
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The  motion  of  the  earth  around  the  sun  produces  a diurnal  variation  in  the  rate  of  arri- 
val of  meteor  radiants  for  positions  on  earth.  Meteors  alonq  the  apex  of  the  earth's 
way  are  swept  by  the  earth,  while  radiants  at  the  antapex  are  produced  by  meteors  which 
overtake  the  earth.  An  observer's  meridan  is  at  the  apex  at  0600  am  local  time,  thus  a 
relative  abundance  of  meteor  trails  can  bo  expected  at  this  time.  Conversely,  observers 
alonq  the  meridan  for  the  antapex,  or  equivalently  at  6 pm  local  time,  can  expect  a min- 
imum in  the  daily  incident  rate.  These  relationships  produce  a sine-like  diurnal  varia- 
tion with  a minimum  at  6 pm  and  a maximum  around  6 an  local  time  foi  a uniform  distribu- 
tion of  meteors.  The  region  of  appearance  of  a radiant  is  a function  of  velocity  and 
elonqat ion . 

The  velocity  relationships  are  depicted  by  Figure  2 and  involve  both  retroqrade  and  dir- 
ect orbits  for  the  space  debris.  Since  the  escape  velocity  from  the  solar  system  is 
about  42  km/sec  at  one  au.  from  the  sun  and  the  velocity  of  the  earth  is  30  km/sec,  the 
maximum  geocentric  velocity  for  a head-on  collision  would  be  72  km/sec.  In  comparison, 
such  a collision  with  a particle  from  Interstellar  space  would  represent  a velocity  of 
about  76.5  km/sec.  Maximum  velocities  appear  to  not  exceed  72  kit./sec,  confirming  that 
such  space  debris  is  not  from  interstellar  space. 

This  introductory  information  is  consistent  with  observed  relationships.  Accordingly, 
it  explains  the  data  to  be  introduced.  First  however,  a review  of  past  activities  in 
meteor-burst  communications  seems  necessary  to  establish  the  state  of  the  art  of  and  to 
complete  the  introduction  to  this  technology. 

1.1  Background 

The  influence  of  meteoric  ionization  on  radio  propagation  was  not  fully  appreciated  un- 
til after  1940  and  the  potential  of  meteoric  events  to  support  a unique  mode  of  propa- 
gation was  not  acknowledged  until  1951.  Though  numerous  radio  investigators  reported 
unusual  bursts  of  high  frequency  and  very  high  frequency  activity  within  the  E region 
of  the  ionosphere,  the  first  reference  to  meteors  as  the  cause  appears  to  have  been  made 
by  Naqaoka  of  Japan  in  1929  (Skellet,  A.M.,  1935).  He  failed  to  recognize  the  contribu- 
tion as  an  enhancement.  The  work  of  Skellet  (Skellet,  A.M.,  1931  and  1935)  is  generally 
recognized  as  the  first  acceptable  description  of  meteoric  ionization  as  the  cause  of 
these  radio  anomalies.  This  meteoric  ionization  is  always  present  at  a height  of  about 
93  km,  regardless  of  day  or  night  or  time  of  the  year.  The  radio  observations  of  meteor 
ionization  prior  to  1950  were  primarily  the  by-product  of  other  research  and  develop- 
ment, but  such  observations,  particularly  with  radar,  were  given  strong  impetus  by  the 
technological  advances  of  World  War  II. 

Two  events  heralded  developments  in  meteoric  communications-- ( 1 ) the  intense  interest  of 
radio  scientists  in  and  the  resultant  data  from  the  dramatic  Giacobinid  shower  of  Octo- 
ber 9-10,  1946,  as  a consequence  of  emerqinq  radar  technology,  and  (2)  the  historical 
experiment  of  1951  to  prove  the  validity  of  ionospheric  scatter  theory  (Bailey,  D.K.  et 
al,  1952).  This  latter  test  proved  that  the  lower  E reqion  could  support  a weak  but 
continuous  signal  at  frequencies  in  the  lower  VHF  band  over  distances  far  beyond  line- 
of-siqht  ranqes.  A transmitter  power  output  of  25  kilowatts  at  49.8  MHz  was  used  by  NBS 
in  these  tests  to  communicate  from  Cedar  Rapids,  Iowa,  to  a receiver  1245  miles  away  at 
Sterling,  Virginia.  Sporadic  enhancements  in  signal  level  were  superimposed  over  the 
expected  weak  but  continuous  signal  of  ionospheric  scatter.  Many  of  these  strong  bursts 
were  definitely  associated  with  the  occurrence  of  meteor  trails.  Numerous  investigators 
undertook  analyses  of  the  cause  and  effect  of  this  experiment.  Pineo  of  NBS  is  credited 
by  Montgomery  and  Sugar  (Montgomery,  G.F.  and  Sugar,  G.R.,  1957)  with  suggesting  in  1951 
the  use  of  meteor  trails  to  support  intermittent  communications  over  long  distances.  It 
appears  that  other  individuals,  including  McKinley,  Eshleman,  and  Forsyth,  could  also 
have  suggested  these  techniques. 

The  Stanford  Electronic  Laboratories  (SEL)  initiated  meteor  studies  (Manning,  I,. A.,  1948; 
Eshleman,  V.R.  and  Manning,  L.A.,  ;954;  Manning  L.A.  and  Eshleman,  V.R.,  1959;  Eshleman, 
V.R.,  1958;  Mlodnosky,  R.F.  and  Eshleman  V.R.,  1952;  Mlodnosky,  R.F.,  1960;  etc.)  prior 
to  the  NBS  ionospheric  scatter  tests.  SEL  remained  active  in  radiant  investigations  and 
related  rad  ir  detection  analyses  up  to  the  late  1960s.  Forsyth  and  his  co-workers  for 
the  National  Research  Council,  Ottawa,  Canada,  demonstrated  a practical  closed-loop  com- 
munications system,  as  part  of  the  JANET  effort,  in  1954  (Forsyth,  P.A.  et  al , 1957; 
Davis,  G.W.I..  et  al,  1957).  Australians  at  the  University  of  Adelaide,  including  Weiss 
and  Huxley,  began  meteor  studies  in  1952  and  New  Zealand  (Ellyett,  C.D.,  1955)  followed 
this  lead  in  1953.  Lovell  of  Jodrell  Bank  fame  pursued  radio  astronomy  studies  at  the 
University  of  Manchester  during  the  late  1940's.  Many  others,  including  USSR  scientists, 
were  purported  to  be  Involved  in  these  early  meteoric  studies. 

The  only  known  operational  systems  that  were  designed  for  the  meteor  trail  mode  of  com 
municatlons  weie  the  JANET  and  the  COMET  systems.  JANET  was  the  product  of  the  Defense 
Research  Board  of  Canada  as  the  result  of  numerous  experiments  from  1954  to  1957,  while 
COMET  became  a NATO  system  iri  1968  after  earlier  experiments  and  studies  by  the  Shape 
Technical  Center  (Bartholome,  P.J.  and  Vogt,  I.M.,  1968,  Bartholome,  P.J.,  1967). 

Though  several  experimental  links  of  JANLT  were  in  operation  earlier,  the  permanent  link 
uetween  Edmonton  and  Yellow  Knife  (Crysdale,  J.H.,  1960)  became  fully  operational  in 
1968.  Stanford  University  facilities  included  links  from  Palo  Alto  to  Bozeman,  Montana 
and  Phoenix,  Arizona.  Transmitter  power  was  about  2 kilowatts.  Hughes  Aircraft  also 
operated  a satellite  station  near  Los  Angeles,  which  worked  with  the  Stanford  complex. 

NBS  (Montgomery,  C..F.  and  Sugar,  G.R.,  1957;  Sugar,  G.R.,  1964)  likewise  sponsored  num- 
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erous  tests  during  the  period.  RCA  (Bliss,  W.H.  et  al,  1957)  and  Hughes  performed  in- 
vestiqations  for  the  U.S.  Air  Force  and  Meeks  et  al  of  the  Georgia  Institute  of  Technol- 
ogy (Meeks,  M.L.  and  James,  J.C.,  1957;  Meeks,  M.L.,  1961)  conducted  experiments  for 

both  the  U.S.  Navv  and  Air  Force.  Hughes  Aircraft,  in  conjunction  with  the  Wright  Air 
Development  Contor,  developed  und  demonstrated  an  air-to-ground  meteor-burst  system 
(Hannum,  A.J.  et  al,  1960).  Melpar  was  active  in  the  multimode  communications  effort  of 
the  U.S.  Army  (Richter,  W.J.,  1967).  None  of  these  early  U.S.  investigations  produced 
an  operational  system.  Activity  in  England,  Holland,  Russia,  Oceania,  and  other  areas 
may  have  led  to  more  permanent  capabilities,  but  the  COMET  and  the  discontinued  JANET 
systems  are  the  only  efforts  known  that  resulted  in  operational  systems.  The  U.S.  De- 
partment of  Agriculture  is  currently  procuring  a meteor-burst  system  for  the  Soil  Con- 
servation Service.  It  will  be  tested  from  July  1977  through  February  of  1978.  This 
system,  JANET,  and  COMET  were  designed  to  use  midpath  illumination  techniques  and  trans- 
mitter powers  of  300  to  1000  watts. 

2.  GENERAL  INFORMATION 

Meteor  trails,  or  equivalent  phenomena,  effect  specular  reflection  which  enhances  propa- 
gation efficiency  over  scattering  mechanisms  and  creates  discrete  patterns  or  footprints 
as  a function  of  the  relative  trail  geometries.  The  path  loss  over  free  space  for  an 
800  km  path  for  an  improved  type  of  meteor-burst  system  is  40  to  60  dB.  Losses  over 
free  space  for  this  same  distance  would  be  about  90  dB  for  the  ionospheric-scatter  mode 
and  about  120  dB  for  the  tropospheric-scatter  mode.  Random  orientation  of  trails  re- 
sults in  a random  pattern  of  footprints  as  implied  by  Fiqure  3.  Figure  4 shows  the  ex- 
pected minimum  widths  of  such  footprints.  Accordingly,  each  remote  station  in  a large 
network  of  distributed  stations  could  essentially  be  randomly  and  separately  illuminated, 
resulting  in  a form  of  random  assignment,  time  division  multiplex  (TDM) . This  random 
form  of  time  division  multiplex  or  switching  by  Nature  not  only  permits  large  numbers  of 
stations  to  share  the  same  frequency  but  also  facilitates  adaptive  adjustment  by  data 
collection  centers  to  changing  network  configurations  and  conditions.  Such  system  po- 
tentials and  other  unique  relationships  are  developed  in  this  section  after  the  avail- 
ability and  basic  propagation  models  are  introduced. 

Geometric  and  electromagnetic  influences,  in  association  with  the  implications  of  trail 
availability  and  factors  related  to  trail  formation  and  composition,  determine  the  ap- 
plicability of  these  phenomena  for  feasible  radio  communications.  To  avoid  the  compli- 
cated interrelationships  between  radio  characteristics  and  trail  statistics,  separate 
radio  and  availability  models  are  used.  Table  III  provides  information  of  interest  for 
both  models. 

2.1  Radio  or  Propagation  Model 

This  basic  propagation  or  radio  model  is  justified  by  a wealth  of  empirical  data  and  uses 
essentially  the  expressions  derived  by  Dr.  Eshleman  of  Stanford  University  (Eshleman,  V. 
R.,  1958;  Forsyth,  P.A.  et  al,  1957). 

A particle  in  transiting  the  magnetosphere  and  entering  the  ionosphere  does  not  exper- 
ience significant  interaction  with  atmospheric  molecules  until  the  relatively  dense  re- 
gion in  the  vicinity  of  120  km  is  reached.  During  ablation  at  lower  heiqhts,  atoms  are 
vaporized  from  the  parent  meteor  and  these  atoms  are  capable  of  producing  free  charqes 
through  multiple  collisions  before  beinq  deaccelerated  to  thermal  velocities.  The  num- 
ber of  ions  forming  the  trail  or  the  trail  density  is  thus  representative  of  the  mass  of 
the  material  dissipated  from  the  meteor.  Table  III  shows  that  the  line  density  is  dir- 
ectly representative  of  the  initial  mass  of  meteors  that  are  completely  consumed  upon 
entry.  Up  to  a line  density  of  about  10H  electrons  per  meter,  the  trail  acts  as  a line 
array  of  independent  scatterers  and,  for  lengths  greater  than  the  diameter  of  the  first 
Fresnel  zone,  an  incident  radio  wave  is  specularly  reflected.  Those  are  the  character- 
istics of  an  underdense  trail.  At  higher  densities,  the  trail  is  not  transparent  to  long 
wavelengths  and  radio  enerqy  is  reflected  by  the  trail  in  a manner  analogous  to  iono- 
sheric  reflection.  At  wavelengths  of  5 to  10  meters,  trail  duration  is  long  compared  to 
the  time  of  formation  of  the  trail.  Such  trails  are  considered  to  be  overdense  and  de- 
generate with  time,  generally  erratically,  into  an  underdense  trail  or  trails.  Figures 
5 and  6 show  the  typical  waveforms  of  signals  from  underdense  and  overdense  trails,  re- 
spectively. 

The  processes  of  recombination  and  attachment  can  generally  be  ignored  for  meteor  trails, 
particularly  for  the  less  dense  trails  and  early  history  of  the  very  dense  but  infrequent 
trails  of  meteorites,  and  when  trail  durations  of  less  than  0.5  seconds  are  of  interest. 
These  observations  are  supported  by  the  derivations  of  Booker  ^Booker,  H.G.  and  Cohn,  R. , 
1956).  The  diffusion  process  is  significant.  The  diffusion  coefficient  increases  from 
about  0.5  m2/sec  at  a heiqht  of  80  km  to  140  m2/sec  at  115  km. 

The  definition  of  terms  and  the  expressions  that  follow  represent  a sequential  develop- 
ment of  relationships.  The  source  or  use  to  define  symbols  is  shown  above  the  reference 
line  and  the  input  equations  by  number  or  applicable  equalities  are  shown  below  the  re- 
ference line  for  each  expression. 
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Since  the  electrons  in  an  underdense  trail  appear  as  a line  array  to  incident  radio  sig- 
nals, the  resultant  cross-sectional  area  for  the  applicable  direction  can  be  determined 
by  summing  the  contributions  from  each  electron  in  amplitude  and  phase.  These  condi- 
tions for  specular  reflections  and  the  critical  role  of  tho  first  Fresnel  zore  in  such 
determinations  were  emphasized  by  Eshleman.  His  expression  for  the  cross-sectional  area 
of  an  underdense  trail,  where  r is  the  classical  radius  of  an  electron  and  q is  the 
line  density,  follows: 
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The  effect  for  a finite  initial  radius  for  the  trail  may  be  handled  by  defining  a shift 
in  the  time  scale. 
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Forward  scattering  requires  that  the  effective  cross-sectional  areas  and  the  resultant 
transmission  equations  be  modified  from  the  back  scatter  relationships.  As  a result  of 
the  oblique  geometry,  the  required  length  of  the  first  Fresnel  zone  is  oreater  than  for 
back-scatter  requirement  by  the  usual  secant  factor  for  projecting  to  an  inclined  re- 
ference . 

The  greater  length  for  the  Fresnel  zone  means  a larger  number  of  electrons  are  contri- 
buting to  the  scattered  energy.  Thus,  a larger  signal  and  a signal  of  a longer  duration 
than  applicable  for  backscatter  would  be  received  for  equivalent  path  distances.  The 
penalty  incurred  for  identical  distances  is  the  lower  probability  of  a trail  of  suffi- 
cient length  and  at  the  appropriate  geometrical  position  to  satisfy  the  Fresnel  zone  re- 
quirements for  a radio  path. 
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Substituting  a sin  a term  as  used  by  Eshleman,  to  account  for  rotation  of  the  plane  of 
polarization  for  linearly  polarized  antennas,  the  final  transmission  equation  is: 
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The  duration  of  the  forward  scattered  signal,  based  on  a decay  to  exp  [-lj  of  its  initial 
amplitude  is. 
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Overdense  Expressions 

Since  overdense  trails  by  definition  possess  an  electron  volume  density  capable  of  sup- 
porting reflection  in  the  usual  sense,  the  trail  must  be  considered  to  have  a finite 
radius.  Diffusion  of  the  trail  increases  the  radius  of  the  volume  until,  for  a given 
number  of  electrons,  the  volume  density  falls  below  the  critical  value  for  reflection. 
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When  this  condition  is  reached,  the  overdense  trail  has  degenerated  to  an  underdense 
distribution  but  the  effective  scattering  as  a result  of  the  dispersed  phase  of  con- 
tributions from  the  electrons  is  small.  Conceptionally , the  overdense  medium  can  be 
visualized  in  terms  of  reflection  from  a cylindrical  surface.  The  effective  cross- 
sectional  area  for  such  an  expanding  trail  for  a Gaussian  distribution  of  electrons  is: 


See  Ref 
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(29)  T - req\2/(4Jr2  D exp  [l]) 
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The  maximum  received  signal  which  occurs  at  time  T is: 
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These  relationships  can  be  modified  to  cover  the  forward  scatter  case  by  applying  the 
secant  correction  factor: 
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A transition  line  density  of  about  0.75  x 10  electrons  per  meter  exists  between  the 
overdense  and  underdense  expressions  for  equivalent  geometry.  The  maximum  power  re- 
ceived for  the  bistatic  case  from  an  overdense  trail  at  a time,  t =7  exp  j|-lj  , is: 

GT  V3  sin2a  Jreq  exp  [-l] 
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2.2  Availability  Model 

The  radio  propagation  models  for  overdense  and  underdense  trails  requires  a dependence 
on  statistics  or  other  models  for  predicting  the  availability  of  the  medium.  These 
relationships  presumed  the  presence  of  a favorable  trail  with  an  acceptable  trail  dura- 
tion, but  sufficient  numbers  of  and  suitable  durations  for  useful  events  must  exist  for 
the  medium  to  be  satisfactory  in  all  respects  for  communications  purposes.  The  data  of 
Table  III,  which  is  a tabulation  of  various  order  of  magnitude  properties  of  sporadic 
meteors  can  be  used  to  derive  the  expected  average  rate  of  incidence  of  sporadic  meteors: 
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The  actual  arrival  rate  for  a specific  location  is  dependent  upon  the  distribution  of 
meteors,  latitude  of  the  observer,  time  of-year  and  time  of  the  day;  however,  this  gen- 
eralized derivation  correlates  well  with  average  statistics.  Manning  (Manning,  L.A.  and 
Eshleman,  V.R.,  1959)  has  shown  that  average  values  for  C,  and  S,  where  S = -a  + 1,  are 
160  and  2 for  medium  latitudes  and  sporadic  meteors.  Manning's  value  of  160  for  C,  is 
used  in  subsequent  derivations. 
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(42)  W » Area  of  interest  at  trail  heights  in  in 
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Not  all  of  the  trails  within  an  area  will  be  useful  because  of  the  previously  refer- 
enced geometric  constraints.  Stanford  personnel  (Embry,  U.R.,  1962),  during  an  in- 
vestigation of  the  average  rates  of  signal  occurrence,  determined  this  ratio  to  be  be- 
tween 3 and  5 percent  for  forward  scatter  from  0 to  1000  km.  Sugar  (Sugar,  G.R.,  1964) 
reports  this  ratio  to  be  5 percent  for  transmitter-receiver  separations  of  600  to  1000 
km.  These  relationships  apply  for  a point-to-point  path  whether  it  is  an  isolated  path 
or  one  of  the  many  paths  of  a network.  It  will  subsequently  be  shown  that  practically 
all  trails  are  useful  for  a central  station  that  contacts  any  of  a multitude  of  stations 
of  a network  as  the  opportunity  occurs. 
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Figure  7 presents  the  results  of  a comprehensive  collection  of  data  by  Stanford  personnel 
to  depict  the  hourly  average  rates  for  meteors  at  this  latitude  and  for  the  entire  year. 
The  curves  of  mean  daily  and  monthly  variations  in  meteor  rates,  based  on  JANET  (Forsyth, 
P.A.  et  al,  1957)  and  NBS  (Sugar,  G.R.,  1964)  measurements  of  Figure  8 exhibit  the  same 
basic  relationships.  Using  this  data  and  accepting  the  sinusoidal  trends  as  being  re- 
presentative of  the  diurnal  variations,  the  following  terms  and  relationships  can  be  in- 
troduced : 


(46)  T = Local  time  of  day  in  hours  in  terms  of  a 24-hour  clock. 


Peak  daily  arrival  rate 


Sym  def  ^ (47) 


Arrival  rate  at  time  T 


Of  useful  trails  above 
the  average  useful 
trail  rate  for  the 
same  day 


47 (48)  (3(T)  = f) p sin  (2xT/24)  , For  the  day  of  interest 

Fig.  7-8,  4<ft 


Ratio  of  average  rate  of  meteors  for  the  month 
Sym  def  ^ (49)  g = of  interest  to  the  annual  average  for  a month 

' from  Figure  9 


(50)  N(qo,t)  = g . N(q)  + 0(T)  , 


47,  49 


(51)  N(q  ,t)  = g (160Wt|/q  ) + 0 sin  (irT/24) 


45,  48 


Measured  data,  including  the  information  from  Figure  7,  without  reference  to  detection 
thresholds,  shows  a general  5 to  1 correspondence  between  the  hourly  maximum  and  minimum 
rates  for  a day  at  latitudes  near  40  to  50  degrees.  The  daily  useful  rate  can  accord- 
ingly be  expressed  in  the  following  manner: 


(52)  N(qo,t) 


(160gWt|/qo) 


1 + 0.67  sin  (irT/12) 


Restated 


Equation  52  accordingly  provides  the  generalized  expressive  for  the  average  availability 
of  total  and  useful  trails  for  a point-to-point  path  for  any  area  and  period  of  time. 

This  model  satisfies  the  objectives  of  simple  relationships,  all  input  relationships  can 
be  satisfied,  and  it  has  general  application  to  system  requirements.  It  appears  adapt- 
able to  change  and  special  improvements,  particularly  by  periods,  when  new  data  justifies 
the  additional  levels  of  sophistication.  Compatibility  for  end  path  and  other  methods 
of  illumination,  as  well  as  for  midpath  illumination  techniques,  has  been  preserved. 


2.3  New  System  Techniques 


The  past  efforts  of  using  midpath  illumination  and  moderately  high  powers  in  a brute- 
force  like  manner  to  maximize  communications  time  or  duty  cycle,  seems  to  have  ignored 
the  unusual  potentials  of  this  medium  to  cost-effectively  handle  some  of  our  most  chal- 
lenging communications  requirements.  It  offers  capabilities  for  large-area  networks  of 
many  small  users  and  for  special  applications  that  have  not  heretofore  been  economically 
and  technically  practical.  Intensive  examination  of  the  basic  interrelationships,  using 
the  data  developed  herein  and  empirical  data  of  others,  have  produced  intriguing  results 
(Sites,  F.J.,  1969,  1970  and  1976).  These  results  include  the  advantages  of  end  path 
illumination  versus  midpath  illumination,  exceptional  frequency  conservation,  improved 
availability,  optimal  power  relationships,  cost-effective  network  provisions  and  other 
novel  implications. 


End  path  illumination  instead  of  the  usual  illumination  over  the  midpoint  of  the  path 
results  in  several  major  improvements.  A 3.8  dB  advantage  in  path  loss  is  gained  with 
end  path  illumination.  This  is  illustrated  in  Figure  10.  The  ratio  of  height-to-dis- 
tance  for  a distance  of  1000  km  is  0.1  for  end  path  illumination  and  0.2  for  midpath 
illumination.  This  result  compares  favorably  with  the  conditions  for  a passive  reflec- 
tor for  a radio  microwave  system.  The  requirement  that  the  meteor  trail  must  be  tan- 
gent to  one  of  the  family  of  ellipsoids  around  the  stations  establishes  that  end  path 
geometry  increases  the  probability  that  a trail  will  be  useful.  Tests  show  a 1.5  to  2 
increase  in  useful  rates  per  unit  area  for  this  area  (Embry,  U.R.,  1962;  and  Meeks,  M.L., 
1961) . The  larger  area  projected  over  the  end  point  by  a master  station  antenna  with  an 
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angular  beamwidth,  as  opposed  to  the  area  that  would  be  Illuminated  over  the  midpoint  by 
the  same  antenna,  results  in  a proportionate  increase  in  the  expected  number  of  total 
trails  and  of  useful  trails  per  unit  time.  This,  almost  direct  reflection  that  does  not 
preclude  use  of  minimum  length  trails,  and  other  availability  improvements  increase  the 
expected  number  of  useful  trails  per  unit  time  by  at  least  an  order  of  magnitude  over 
the  rate  for  midpath  conditions.  The  disadvantages,  which  are  not  of  importance  for 
large-area  networks,  are  a reduction  in  maximum  system  range  for  nominal  provisions  and 
a shorter  duration  in  trail  lifetime.  Few  trails  will  have  useful  lifetimes  that  ap- 
proach or  exceed  two  typical  message  times  and,  generally,  a second  message  immediately 
following  another  message  to  the  same  station  will  not  be  needed.  Figure  11  shows  the 
loss  over  free  space  conditions  as  a function  of  distance  for  end  path  conditions,  ex- 
cept that  all  distances  from  0 to  100  km  use  end  path  illumination  for  a fictitious  sta- 
tion distance  of  100  km. 

The  instantaneous  3-dB  bandwidth  of  this  medium  is  nonsymmetrical  and  is  about  7 MHz  for 
a frequency  of  30  MHz.  However,  the  serial  data  rate  is  limited  by  multipath  delays 
caused  by  two  or  more  simultaneously  useful  trails  within  the  common  illuminated  area. 
Such  delays  for  typical  system  provisions  limit  the  serial  rate  to  about  5000  elements 
per  second.  Since  the  medium  is  not  bandwidth  limited,  redundancy  and/or  frequency  mul- 
tiplexing of  the  serial  channels  can  be  used.  Table  IV  shows  the  transmitter  power  re- 
quirement for  a moderate  system  design  at  various  serial  binary  rates  and  error  proba- 
bilities. Only  20  watts  of  transmitter  power  is  required  for  coherent  phase-shift  key- 
ing (CPSK)  and  convolution  coding  to  transmit  at  5000  bits  per  second  with  an  error  rate 
of  less  than  ten  errors  per  million  to  any  station  within  several  hundred  kilometers. 

This  average  error  rate  is  for  the  minimum  useful  signal  and  most  meteor-burst  signals 
will  be  above  this  threshold. 

Figure  12  bounds  the  expected  degree  and  duration  ot  mutual  interference  between  useful 
trails  for  a path  for  various  useful  trail  rates.  A m^^um  trail  rate  of  6 useful 
trails  per  minute  for  a specific  path  is  considered  to  ■>1e.  This  maximum  compares 
favorably  with  the  rates  possible  with  end  path  illumin  _on  and  the  related  availability 
improvements.  Figure  13  explores  the  implications  of  Figure  12  for  useful  trails  rates 
in  excess  of  this  suggested  maximum.  It  illustrates  the  ramifications  of  using  too  much 
power  and  of  illuminating  the  lesser  trails  which,  in  turn,  cause  errors  and  a reduction 
in  throughput  as  power  is  increased.  The  previously  referenced  Figure  4 illustrates  the 
width  of  the  footprints. 


End  path  illumination  permits  the  use  of  wide  angle,  zenith-looking  antennas  at  remote 
stations.  Such  simple  antennas  offer  important  advantages  for  aircraft,  portable,  other 
mobile,  unattended,  and  shielded  stations.  The  zenith  path  is  particularly  suited  for 
stations  in  jungles,  high  rise  and  mountainous  areas,  canyons,  etc. 

The  random  time-division  like  switching,  by  virtue  of  the  random  footprints,  permit  all 
remote  stations  to  use  a common  response  frequency.  Judicious  use  of  group  and  discrete 
addresses  or  codes  to  inhibit  responses  from  some  or  all  but  one  remote  station  is  also 
implied.  A second  or  multiple  response  frequencies,  each  with  a 5000  bit  per  second 
channel,  could  be  used  at  all  or  selected  stations  as  needed  to  increase  the  effective 
information  transfer  rate  from  a remote  station.  The  duty  cycle  of  the  response  channel, 
observed  at  the  input  of  a master  station  with  a properly  distributed  network  of  remote 
stations,  can  approach  100*  at  each  such  master  station. 


An  additional  availability  improvement  technique,  which  also  introduces  a host  of  new 
operational  potentials,  is  illustrated  by  Figure  14.  If  two  master  stations  are  located 
at  a considerable  distance  on  either  side  of  a remote  station,  the  trails  useful  to  one 
master  station  can  not,  to  a high  probability,  be  used  by  the  other  master  station. 

Thus,  each  master  can  work  the  remote  station  independently  and  on  the  same  frequency 
without  significant  interference.  Effectively,  the  throughput  from  the  remote  station 


on  that  frequency  or  channel  would  be  or  could  be  doubled.  Judicious  use  of  additional 
master  stations,  all  on  the  same  network  frequencies,  could  further  enhance  such  through- 
put from  any  or  all  of  the  stations  covered  without  encountering  serious  interference. 
Numerous  operational  possibilities  are  represented.  These  include  multiple  mobile  and 
fixed  master  stations,  listen-only  masters  for  a high  probability  of  intercept  of 
special  remote  area  transmissions,  redundant  paths  and  hardware,  etc.  Such  redundancy 
is  capable  of  combating  a variety  of  conditions,  including  general  interference,  diurnal 
distribution  of  radiants,  jamming,  nuclear  blackouts,  hardware  failures,  and  general  com- 
munications vulnerability.  As  few  as  five  master  stations,  using  the  same  interrogation 
frequency  and  the  same  response  frequency,  could  cover  the  first  48  states  of  the  USA 
and  the  contiguous  border  and  ocean  areas  out  to  several  hundred  kilometers.  A multitude 
of  mobile,  portable  and  fixed  remote  stations  for  either  intra  or  interarea  operations 
and  on  the  same  transmit  and  receive  frequencies,  could  be  accommodated. 


3.0  CONCLUSIONS 

The  propagation  and  availability  models,  based  on  and  supported  by  empirical  results, 
are  representative  of  what  can  be  expected  of  this  medium.  Past  efforts,  however,  have 
been  predominately  concerned  with  maximizing  the  communications  time  between  two  dis- 
tant points  and  have  not  recognized  the  exceptional  utility  of  these  techniques  for  large- 
area  networks.  These  models  apply  to  a specific  path  and  for  useful  trail  rates  for  that 
path.  Accordingly,  network  systems  represent  a new  application  of  these  proved  models. 
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The  suggested  system  techniques,  which  make  natural  use  of  the  medium  and  its  character- 
istics without  forcing  a particular  result,  should  permit  a host  of  new  and  cost-effec- 
tive uses  of  meteor-burst  technology.  Developments,  not  fully  covered  in  this  paper, 
further  confirm  that  fully  automated  systems  and  adaptive  network  features  can  be  imple- 
mented. It  appears  that  such  automatic  and  manned  networks  could  profitably  complement 
communication  satellite  systems  where  small  ground  station  costs  are  excessive,  for  polar 
coverage  with  relays  via  synchronous  satellites,  to  avoid  other  intolerable  low-angle  or 
obstructed  environments  and  for  backup  purposes.  Such  techniques  should  be  of  interest 
for  applications  not  associated  with  current  or  planned  satellite  programs. 

The  proposed  techniques  make  use  of  state-of-the-art  designs  and  Nature's  qenerosity. 

Most  complementing  functions  and  costly  support  features  are  essentially  provided  or 
performed  by  Nature.  As  a result,  very  cost-effective  and  simple  provisions  promise 
to  accommodate  what  has  been  considered  prohibitively  costly  and  technically  difficult 
tasks.  The  inherent  reliability  and  dependability  of  these  techniques  by  virtue  of  the 
simple  system  redundancy  potentials  seem  to  be  of  great  significance  for  many  applica- 
tions. 
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TABLE  1 


Some  Characteristics  of  Near  Earth  Space 


Altitude 

km 

Properties  and  Definitions 

Electrical 

Properties 

Mean  Free 

Path  - Meters 

Meteor 

Particles 

0-15 

Troposphere  0-1 0km  (negative 
temperature  gradient,  290° 
to  220°K) . Heat  transport 
by  convection. 

Thunderstorms 

“ 

Very  rare 
Meteorites 

15-30 

Stratosphere  10-40km  (Region 
of  increasing  temperature . 
Temperature  220°  to  265°K) . 
Winds/Turbulence  (Jet 

Streams) 

None 

4.21x10-6 

Very  »ore 
Meteorites 

30-80 

Mesosphere  40- 00km  (Region 
of  decreasing  temperature. 
Temperature  264°  - 200K) 

Lower  Ionospheric  Region 

D laver  (daytime) 
NO*  predominant 
ion 

4.5X10-5 

Most  meteors 
dissipated  - 
accumulation 
of  meteor  dust . 

80  - 400 

Thermosphere  80-700km 
(Region  of  strong  heating). 
Hydromognetic  effects  on 
dynamics.  Free  and  near 
free  molecular  flow  regimes. 
Pressure  about  at  mas . 

at  100  km 

E»  Fl<  f2  lay*™ 

IT,  NO  , 02, 
ions  Photodissocia- 
tion of  O2 . Photo- 
ionization of  N, 

n2,  0. 

4.25X10-3  (38m  at  150km) 

Meteor  trials 
visible  in 
lower  region 

400-  1000 

Thermosphere  - Exosphere 
(Exosphere  700  - 5000km) 
Temperature  1610°  - 1645°K 
(Day)  and  1035°-  1045°K 
(Night)  Pressure  about 

10”! 2 atmos.  at  500  km. 

O*  ions,  He+ 
present  Lower 
portion  of  Van 

Allen  belts 

Lower  edge  of 
Magnetosphere 
over  equator. 

Hundreds  of  meters  (Essen- 
tially infinite  in  Exosphere) 

Unaffected 
entry  - No 
effects 

1000  - 3200 

(Exosphere  700-5000km) 
Magnetosphere.  Some 
particles  escape  from  the  earth's 
atmosphere 

H*  present 

Charged  particles 
travel  along 
mognetic  force 
lines.  Van  Allen 
belts  I 

Essentially  infinite.  (Particle 
at  base  of  exosphere  follow 
ballistic  orbits  returning  to 
base  or  escaping) 

Unaffected 
entry  - No 
effects . 

Composite  of  data  from  References  24  and  25,  bibliography,  and  calculations 


TABLE  II 

Meleor  Streams:  Observational  Quantities 


Stream 

U.T.  Date 
at  maximum 

Extreme 

limits 

Quodrantids 

Jan.  3 

Jan.  1 

4 

Virginids 

Mar . 13 

Mar . 5 
21 

M (Whlppl.2) 

Mar . 13 
Apr.  21 

Lyrids 

Apr.  21 

Apr.  20 
23 

•1  Aqua  rids 

May  4 

May  2 

6 

Daytime  Arietids 

June  8 

May  29 
June  1 8 

Daytime  Perse  ids 

June  9 

June  1 
16 

Daytime  0 Taurids 

June  30 

June  24 
Julv  6 

Southern  . Aquorids 

July  30 

July  21 
Aug.  15 

Northern  6 Aquorids 

July  14 
Aug.  19 

Southern  Aquorids 

July  16 
Aug . 25 

Northern  * Aquorids 

July  16 
Aug . 25 

o Capricomids 

Aug . 1 

July  17 
Aug  . 2) 

Perseids 

Aug.  12 

July  29 
Aug.  17 

X Cygnids 

Aug.  19 
22 

Draconids 

Oct.  10 

Oct.  10 

O/ionids 

Oct.  22 

Oct.  18 
26 

Southern  Taurids 

Nov.  1 

Sept.  15 
Dec.  15 

Northern  Taurids 

Nov.  1 

Oct.  17 
Dec.  2 

Andromedids 

Nov.  7 

Nov.  7 

Leonids 

Nov.  17 

Nov.  14 
20 

Geminids 

Dec.  14 

Dec . 7 

15 

X Orionids 

Dec.  9 
14 

Monoceroitids 

Dec . 1 3 

15 

Unids 

Dec.  17 

Radiont 

1950 

R.A.  Dec. 

V 

kn\/sec 

230  +48 

42.7 

182  ♦ 4 

30.8 

157  *56 

15.2 

270  >33 

48.4 

336  > 0 

64 

44  *23 

39 

62  *23 

29 

86  +19 

32 

339  -17 

43.0 

339  -5 

42.3 

338  -14 

35.8 

331  - 5 

31.2 

309  -10 

25.5 

46  *58 

60.4 

289  > 56 

26.6 

264  4 54 

23.1 

94  >16 

66.5 

51  >14 

30.2 

52  >21 

31.3 

22  >27 

21.3 

152  >22 

72.0 

113  >32 

36.5 

87  >21 

30.6 

103  > 8 

44.0 

206  >80 

35.2 

Hourly  rote  ot  maximum  Radiant  transit 

(local  time) 

photo  radio  mianight-OO' 


10 

2.5  49 


23.1  Periodic,  next  return  1965-66  16  13 

66.5  13  | 2.9  I 18  1 ~ ” 


Reproduced  from  Hondbuch  der  Physik,  vol . 52,  by  Sugar  - NBS 

F .L.  Whipple,  "Photographic  Meteor  Orbits  and  their  Distribution  in  Space,"  Astron,  J .,  vol . 59,  p.  201;  July,  1954. 
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TABLE  III 

Properties  of  Sporadic  Meteors 


MASS 

(GRAMS) 

RADIUS 

(SIZE) 

NUMBER  OF  THIS 
MASS  OR  GREATER 
SWEPT  UP  BY  THE 
EARTH  EACH  DAY 

ELECTRON  LINE 
DENSITY  (ELEC 
TRONS  PER  METER 
OF  TRAIL  LENGTH) 

PARTICLES  PASS  THROUGH  THE 

ATMOSPHERE  AND  FALL  TO  THE 

GROUND 

104 

8 0 CM 

10 

PARTICLES  TOTALLY  DISINTEGRATED 

TO3 

4 0 CM 

102 

IN  THE  UPPER  ATMOSPHERE 

TO2 

2 0 CM 

to3 

-- 

10 

0 8 CM 

to4 

TO18 

1 

0 4 CM 

105 

1017 

10'1 

0 2 CM 

106 

1016 

ur2 

0 08  CM 

107 

1015 

to-3 

0 04  CM 

to8 

io’4 

10-4 

0 02  CM 

109 

1013 

LIMITS  OF  RADAR  MEASUREMENTS 

TO  10"8 

TO  8 0 MICRONS 

to13— (?) 

>I09  (?) 

MICRO  METEORITES  (PARTICLES 

10'9 

TOTAL 

PRACTICALLY 

FLOAT  DOWN.  CHANGED  BY 

TO 

10'12 

4 0 TO  0 4 

AS  HIGH  AS 

NONE 

ATMOSPHERIC  COL!  ISiONS) 

MICRONS 

TO20 

PARTICLES  REMOVED  FROM  THE 

10'13 

0 2 MICRONS 

-- 

SOLAR  SYSTEM  BY  RADIATION 

PRESSURE 

• 

TABLE  IV 

Potential  Error  Rates  With  and  Without  Coding 


Typical  Means  Values  - Lp^  163. 5dB  and  3dB  Margin 


E/Nq  - V.  dB  (UNCODED)* 

E1M0  3 3 dB  (UNCODED) 

E/N0  4 4 dB  (CONVOLUTION)" 

CPSK  Pe  > 10 

5 DCPSK  >10  4 

CPSK  > 10  4 

DCPSK  > 7 x 10  4 

CPSK  Pe  > 10‘5 

SYMBOL 
(BIT  FOR  BPSKI 
RATE  IN  BPS 

REQUIRED 

Pp  N0  IN  dB 

REQUIRED  TR 
POWER  IN  WATTS 

REQUIRED 

PD  Nq  IN  dB 

REQUIRED  TR 
POWER  IN  WATTS 

REQUIRED 
PR/NQ  ,N  dB 

REQUIRED  TR 
POWER  IN  WATTS 

100 

293 

1.2 

28  3 

0 98 

24  4 

04 

200 

32  3 

2.5 

31  3 

1 35 

27  4 

08 

1000 

39  3 

12  3 

38  3 

9 78 

34  4 

4 0 

2 000 

42  3 

24  6 

41  3 

19  50 

37  4 

80 

3.000 

44  1 

37  2 

43  1 

29  50 

39  2 

12  0 

4.000 

45  3 

49  0 

44  3 

39  00 

40  4 

15  8 

5.000 

46  3 

61  6 

45  3 

49  00 

41  4 

200 

6 000 

47  1 

74  1 

46  1 

59  00 

42  2 

24  0 

8 000 

48  3 

97  7 

47  3 

77  70 

43  4 

31  6 

10  000 

49  3 

123  1 

48  3 

98  80 

44  4 

398 

•PRACTICAL  IMPLEMENTATION  E/N0  - 9.6  dB  "ACTUAL  MEASUREMENTS 


5000  BPS  is  the  maximum  bit  rata  suggested  tor  a basic  MEANS  channel.  Single  Channel  per  Carrier 
(SC PC)  options  with  MEANS  permit  this  rate  for  each  of  several  channels  at  a station  and  a corre- 
sponding increase  in  the  effective  output  rate. 
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1*1(1. 1 Number  of  meteor  incident  on  earth  in  a 24-hour  period 
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1 Allowable  Geocentric  meteor  velocities  as  a function  of  heliocentric  velocity 
and  a limiting  orbit  perihelion  of  10  sun  radii 
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Fig. 4 Trail  width  of  a typical  useful  trail 
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0600  1800 


LOCAL  TIME -24-HOUR  CLOCK 

•THE  STATISTICAL  PROPERTIES  OF  THE  DATA  ARE  SUCH  THAT  IT  CAN  BE  STATED  WITH  A 
PROBABILITY  OF  0.95  THAT  THE  AVERAGE  HOURLY  RATES  CALCULATED  FROM  SAMPLES 
DIFFER  FROM  THE  TRUE  AVERAGE  HOURLY  RATES  BY  LESS  THAN  1S%  FOR  SEPTEMBER. 
BY  LESS  THAN  26%  FOR  DECEMBER.  BY  LESS  THAN  20%  FOR  MARCH.  ANO  BY  LESS  THAN 
25%  FOR  JUNE."  MLODNOSKY  (STANFORD  ELECTRONICS  LAB.) 


Fig.7  Diurnal  and  seasonal  omnidirectional  radar  rates  of  meteor  activity  as  measured  at 
Stanford  at  39  MHz  by  the  rate-and-radiant  radar  of  site  503 


Fig.8  Average  diurnal  rates  - JANET  system.  Reproduced  from 
Figure  5,  page  13,  of  Reference  26 
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DISTANCE  BETWEEN  STATIONS  IN  KILOMETERS 


Fig.  1 1 Path  loss  and  availability  relationships 
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Fig.  1 2 Mutual  interference  probabilities 
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TRANSMITTER  POWER  IN  WATTS  REQUIRED  (AS  A FUNCTION  OF  DISTANCE  & 10dB 
ANTENNA)  TO  ILLUMINATE  ALL  POSSIBLE  OVEROENSE  TRAILS 


Fig.  1 .1  Optimum  power  utilization  and  effectiveness 
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STATION  A 


REFLECTED  INTO  SPACE 
FROM  STATION  A 
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r 


REFLECTED  INTO  SPACE 
FROM  STATION  B 


| (SAME  FREQUENCIES 

. FOR  A AND  B 

1 SAME  RESPONSE  FREQUENCY 


FOR  ALL  REMOTE  STATIONS.  BUT 
SOME  CAN  HAVE  ADDITONAL  CHANNELS) 


STATION  B 


-EARTH  S SURFACE 


NETWORK  OF  HUNDREDS  OF  REMOTE 
STATIONS 


Fig.  14  Simple  illustration  of  exclusive  trails  with  two  master  stations  for  part  or  all  of 
a network  (more  than  two  master  stations  approach  such  exclusive  relationships) 
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PROPAGATION  MEASUREMENTS  ON  THE 
ACE-HIQ1  TROPOSCATTER  SYSTEM 

by 

A.N.  Ince,  I.M.  Vogt 
SHAPE  Technical  Centre 
P.0.  Box  174 
Hie  Hague 
Netherlands 


SUMMARY 


To  predict  the  propagational  reliability  of  the  ACE  High  troposcatter  system,  extensive  measure- 
ments were  carried  out  over  a period  of  two  years  (1963-1965)  on  several  links  which  were  selected  to 
typify  geographical  and  meteorological  conditions  in  the  system. 

The  measurement  programs  consisted  of 

(a)  long  term  measurements  of  the  transmission  loss  on  seven  links,  one  in  Norway,  two  in 
Germany,  and  four  in  the  Mediterranean  and 

(b)  measuranent  of  the  multipath  intermodulation  noise  on  five  links 

The  paper  discusses  the  measurement  methods  used,  presents  the  results  obtained,  and  oonpares  them 
with  theoretically  predicted  values. 

1.  INIRODUCTION 

The  ACE-High  system  (see  Fig.  1)  is  a NATO-owned  and  NATO-operated  communications  system  with 
49  tropospheric  scatter  links  and  41  line-of-sight  microwave  links.  It  provides  high  capacity  transmission 
links  from  the  most  northern  flank  of  NATO  in  Norway  to  the  eastermost  flank  of  NATO  in  Turkey. 

When  the  ACE-High  system  pieinning  began  in  1958,  data  on  the  variability  of  the  troposcatter 
transmission  loss  were  not  aveiilable  in  sufficient  quantities  to  ensure  a high  degree  of  design  accuracy. 

It  therefore  became  necessary  to  determine  how  the  measured  RF  long-term  distributions  ccnpared 
with  theoretical  calcultions,  ie.  to  what  extent  theoretical  calculations  oould  be  used  to  assess  the 
propagational  reliability  of  the  system.  Accurate  knowledge  of  propaqational  characteristics  was  also 
needed  because  the  capacity  of  sane  links  was  to  be  extended  from  36  to  60  telephone  channels. 

In  brief,  the  evaluation  program :ie  consisted  of: 

(a)  Long-term  measurements  to  determine  the  RF  signal  level  distribution  for  seven  links, 
selected  as  representative  of  different  geographical  and  meteorological  conditions,  and  including  same 
of  the  longest  hops  in  the  system.  The  links  chosen  were: 

1.  Shetland 

2.  Qnden 

3.  Paris  N. 

4.  Athens 

5.  Eskisehir 

6.  Athens 

7.  Kefallinia 

(b)  Calculation  and  measurement  of  the  multipath  interncdulation. 

The  measurements  mentioned  above  were  carried  out  during  the  years  1963  to  1965. 

Chapter  2 sumnarises  the  results  of  the  measurements  of  RF  signal  level  distribution.  The  results 
of  the  multipath  intermodulation  noise  measurements  are  presented  in  Chapter  3. 

2.  TRANSMISSION  LOSS  MEASUREMENTS 

2.1  Long-term  Transmission  Loss  Distribution 

There  are  several  empirical  methods  for  the  calculation  of  the  long-term  median  tropospheric  scatter 
loss  L(50) , but  the  most  caqorehensive  one  is  that  developed  by  the  National  Bureau  of  Standards  (NBS) 

(Ref.  1).  The  essential  parts  of  the  work  have  been  adopted  by  the  International  Radio  Consultative 
Caimittee  (CCIR)  (Ref  2) . The  median  transmission  losses  calculated  by  both  methods  for  the  seven  links 
are  shown  in  Table  1 together  with  the  measured  values. 


- Sola 

- M.  Gladbach 

- M.  Gladbach 

- Izmir 

- Ianir 

- Kefallinia 

- Catanzaro 


The  difference  between  predicted  and  measured  median  transmission  loss  can  be  as  high  as  15  dB. 
Figures  2 to  8 show  for  the  seven  links: 

(a)  the  calculated  distribution  of  the  short-term  median  signal  level  (curves  narked  C)  including 
the  estinated  standard  error 


(b)  the  measured  distribution  of  the  14-min  median  signal  levels  (curves  marked  M)  and 

(c)  the  measured  distribution  of  signal  levels  during  the  worst  month  (curves  narked  VW)  of 
the  recording  period. 

The  characteristics  valid  for  the  great  najarity  of  the  distribution  curves  are: 

(a)  For  hi^i  transmission  loss  the  distributions,  as  expected,  approximate  the  log-normal 
characteristic  very  closely.  This  region  of  hic£i  transmission  loss  is  of  utmost  importance  for  the 
prediction  of  propagational  reliability. 

(b)  For  the  region  of  hi^i  signal  strength,  the  distributions  tend  to  deviate  from  the  log- 
normal distribution  in  favour  of  still  lower  transmission  loss.  This  seems  to  indicate  that  the 
propagation  mechanism  far  high  signal  levels  is  different  from  that  for  lev  signed,  levels. 

(c)  For  four  links  (1,  3,  4 and  7) , the  standard  deviation  decreased  as  the  median  received  signal 
strength  decreased  (Fig. 9 ) . For  the  ranaining  links  (2,  5,  and  6) , the  correlation  between  the  monthly 
median  and  a was  nearly  zero. 

(d)  The  standard  deviation  during  the  worst  month  varies  between  3 and  7 dB  on  the  different 

links. 

(e)  From  (c)  and  (d)  above,  it  may  be  concluded  that  the  signal  level  exceeded  for  a high 
percentage  of  the  time  during  the  worst  month  cannot  be  derived  from  the  monthly  median  value.  This 
is  also  indicated  by  Fig.  10,  in  which  the  99.99%  and  the  median  signal  levels  are  plottted. 

2.2  Correlation  Between  The  Median  Transmission  Loss  and  Atmospheric  Parameters 

Fig. 11  gives  the  correlation  coefficient,  p,  between  the  monthly  median  values  of  signal  strength 
and  those  of  Ns  (surface  refractive  index)  for  links  1,  2,  3,  and  7.  For  links  1,  2 and  3,  p is  higher  than 
the  value  which  might  be  expected  frem  Ref.  3 where  the  correlation  between  Ng  and  AN  measured  near  Bnden 
during  the  years  1953  to  1958  is  shown  to  be  less  than  p.  The  meteorological  data  from  the  stations  of  links 
4 and  5 were  insufficient  for  the  plotting  of  regression  lines.  Links  6 and  7 exhibit  very  lew  correlation 
(0.2  in  both  cases) , but  the  meteorological  data  for  links  6 and  7 were  collected  at  only  one  station. 

The  correlation  coefficients  between  the  median  (monthly,  weekly  and  daily)  RF  signal  level  on 
one  siefeand  the  surface  refractivity,  Ns,  the  temperature,  and  the  dew-point  temperature  on  the  other  side, 
for  links  1 to  3 are  compared  in  Table  2.  As  expected  frem  CC1R  (Ref.  4)  the  hic^iest  correlation  is 
obtained  between  monthly  medians  rather  than  weekly  values. 
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■fable  2 

Correlation  between  Median  RF  Received  Signal  Level 
and  Meteorological  Parameters 


LINK 

Surface  refractivity* 

ft 

Ttenperature 

Dew  Point* 

ft 

Average  meteorological  data 

monthly 

weekly 

daily 

monthly 

weekly 

monthly 

weekly 

1 

SHE7TLANDS- 

90LA 

P 

0.86 

0.77 

0.4 

0.88 

0.5 

0.91 

0.63 

April  64  - Ebrch  65 

Ng  - 322 

tga 

0.81 

0.75 

0.52 

0.94 

0.31 

1.0 

1.0 

t = 5.8°C 

D.P.=  4.3ct 

2 

EMDEN- 

M.  GLADBACH 

P 

0.89 

0.42 

-0.07 

0.79 

0.4 

0.79 

0.26 

May  64  - April  65 

Ng  = 318 

tga 

0.37 

0.27 

-0.06 

0.42 

0.36 

0.53 

0.33 

t = 10 . 5°C 

D.P.=  6.1°C 

3 

PARIS  N. 

M.  GLADBACH 

P 

0.78 

0.4 

0.C4 

0.74 

0.46 

0.67 

0.25 

Apr'l  64  - March  65 

Ns  = 312 

tga 

0.35 

0.25 

0.03 

0.33 

0.42 

0.49 

0.25 

t = 11°  C 

D.P.=  5.2°C 

A Average  of  data  from  transmitting  and  receiving  stations 
p:  correlation  coefficient 
tga:  slope  of  regression  line 

Prediction  of  the  distribution  of  the  monthly  median  transmission  loss  frcm  measured  variations 
of  the  surface  refractivity  is  possible  only  if  high  correlation  between  these  parameters  exists  and  the 
slope  of  their  regression-lines  is  known.  Reference  3 Etj.  14,  reports  a regression-line  slope  of  0.18  dB 
per  unit  of  Ns  derived  from  37  American  and  5 German  links.  This  is  considerably  less  than  the  figures 
obtained  for  links  1,  2,  and  3,  which  cure  0.81,  0.37,  and  0.35  dB  per  unit  of  Ng  respectively.  Due  to 
this  wide  spread  in  the  slopes  of  the  regression  lines,  reliable  prediction  of  the  monthly  median 
transmission  loss  from  measurements  of  the  surface  refractively  is  at  present  not  possible,  although  the 
correlation  between  signal  strength  and  Ng  nay  be  high. 

2.3  Adjacent  Links 

The  correlation  between  the  transmission  losses  on  adjacent  links  is  of  great  interest  in  the 
assessment  of  the  performance  of  systems  such  as  ACE  High,  where  circuits  cure  routed  over  several 
troposcatter  links  in  tandem.  As  might  be  expected,  the  monthly  median  values  of  the  signal  level  on 
adjacent  links  were  found  to  be  correlated. 

lb  determine  whether  it  is  likely  that  low  values  of  the  short-term  median  signal  level  will 
occur  simultaneously  on  adjacent  links,  the  correlation  between  the  14-min  median  values  of  signal  level 
was  determined  on  links  2 and  3.  Correlation  coefficients  were  calculated  over  periods  of  one  day.  These 
are  plotted  in  Fig  12  against  the  average  of  the  values  of  the  daily  median  signal  level  measured  on  the 
two  links. 


For  signal  levels  be lew  the  yearly  median,  the  correlation  coefficients  are  almost  evenly 
spread  between  +0.5  and  -0.5,  which  indicates  that  the  correlation  over  longer  periods,  say  one  month, 
is  zero.  For  high  signal  levels,  which  are  of  little  importance  for  assessing  the  system  performance,  all 
correlation  coefficients  are  positive  (between  0 and  0.9); 

3.  MEASUREMENT  OF  MULTIPATH  INTERMODULATION 

3.1  General 

The  performance  quality  of  a troposcatter  radio  link  utilising  frequency  modulation  (EM)  is 
normally  limited  by  basic  thermal  noise  (BN)  at  lew  RF  signal  levels  and  by  intermodulation  noise  (IM) 
at  high  RF  signal  levels.  The  total  noise  is  always  the  sum  of  the  BN  and  the  IM,  a fact  which  renders 
it  impossible  to  rake  a direct  measurement  of  intermodulation  noise. 

In  the  UHF  band,  BN  is  caused  by  additive  thermal  noise  which  oriairates  at  the  input  of  the 
receiver  and  phase-modulates  the  carrier.  Due  to  the  automatic  gain  control  (AGC)  anti  the  limiter  used 
in  the  FM  receivers,  the  basic  noise  in  a channel  is  inversely  proportional  to  the  received  carrier  power 
above  the  FM  threshold. 

Intermodulation  noise  is  caused  by  anplitude  and  phase  non-linearities  in  the  equipment  and  by 
multipath  propagation.  Intermodulation  noise  caused  by  multipath  propagation  - called  multipath  inter- 


mxtulation  for  short  - Is  dependent  on  system  and  path  parameters.  It  is  conceivable  that  in  any  tropo- 
scatter  system  where  the  path  parameters  are  nore  or  less  fixed  (e.g. , the  ACE  High  system)  the  nultipath 
Internodulation  presents  a furwlamental  limitation  on  the  attainable  system  performance  and,  with 
specified  performance,  on  the  syston  capacity. 

In  what  follows  we  shall  discuss  the  magnitude  of  multipath  interm xiulation  as  calculated 
theoretically  and  measured  on  the  ACE  High  links  1 to  5 mentioned  in  Chapter  1. 

3.2  Calculation 

The  calculations  In  this  paper  are  based  on  Ref.  5 which  describes  a method  of  predicting  the 
n»gnitud»  of  inter-channel  modulation  due  to  nultipath  propagation  on  angle-nodulated  troposcatter  radio 
systems,  lb  predict  the  effect  of  multipath  internodulation,  the  path  structure  is  assured  bo  be  as 
shown  in  Fig  13.  The  main  sigral  path  is  the  shortest  path  following  the  beam  centre  line,  the  rest 
are  echo  paths.  Calculation  of  the  internodulation  requires  (Ref.  5)  the  determination  for  each  path  of 
the  loss,  r,  and  the  time  delay,  T,  relative  to  the  main  signal.  The  relative  loss,  r,  and  the  time  delay, 
T,  are  tabulated  in  Tfcble  3 for  various  echo  paths  taking  into  account  the  actual  antenna  patterns  of  the 
ACE  High  syston. 

Table  3 

Tbtal  Bjto  Raf lection  and  delay  Time 


SHEITJUCS- 

UCEN- 

PARIS  N.- 

— 

ATHENS- 

ESKISEHIR- 

SOLA 

M.C2AEBACH 

M.QADBACH 

IZMIR 

IZMIR 

r 

mm 

r 

m 

r 

T 

MM 

T 

r 

m 

(dB) 

(dB) 

(dB) 

(uS) 

mSm 

(nS) 

(dB) 

mw  m 

6.9 

0.068 

7 

0.046 

6.9 

0.051 

6 

0.015 

6.9 

0.059 

14.2 

0.17 

15 

0.115 

14.2 

0.127 

12.3 

0.038 

14.7 

0.14 

18.5 

0.238 

19 

0.161 

18.5 

0.178 

15.7 

0.053 

19.8 

0.196 

24 

0.32 

25 

0.218 

24 

0.24 

19 

0.072 

26.5 

0.266 

42 

0.54 

40 

0.37 

41 

0.409 

25.8 

0.122 

>40 

0.45 

'60 

0.88 

>60 

0.6 

-60 



0.66 

32.9 

. 

0.192 

>60 

0.72 

ft  Assuning  Bqual  Antennas 

A method  of  calculating  the  multipath  intermodulation  caused  by  a single  echo  is  given  in  Ref.  6, 
with  a set  of  curves  showing  the  contours  of  constant  interferences  in  the  top  channel  of  an  in  system 
under  equivalent  noise  loading  cor  Jit  ions.  With  these  data,  a family  of  curves  of  signal -to- interference, 
S/I  plotted  against  the  echo  delay,  T,  can  be  developed  for  a given  base  bandwidth  and  frequency  deviation. 
The  computed  values  of  total  echo  reflection  loss  and  time  delay,  which  depend  upon  the  path  parameters 
and  the  free- space  patterns  of  the  antennas,  are  superimposed,  and  the  maximum  value  of  S/I  caused  by  a 
single  echo  under  propagation  conditions  corresponding  to  the  standard  atmosphere  is  thus  found.  The 
curves  shown  in  Fig.  14  were  derived  for  a channel  deviation  of  70  kHz.  An  empirical  value  of  9 dB  has 
been  added  to  the  calculated  noise  power  ratios  listed  in  Thble  2 to  account  for  nultiple  echoes  (page 
24  of  Ref.  5)  . In  a similar  manner,  the  maxlmm  S/I  for  60-channel  operation  (baseband  bandwidth  60  to 
300  kHz)  for  both  pure  FM  and  FM  with  pre-emphasis  (curve  B of  Fig.  17)  were  cortputed  and  are  shown 
plotted  in  Figs  15  and  16  respectively.  Inspection  of  these  figures  shows  that  the  multipath  intsrmod- 
ulation  may  be  decreased  by  more  than  10  dB  in  the  top  channel  if  a pre-enphasls  network  is  used. 

3.3  Measursnents 

Interned ulatian  noise  of  radio  systems  is,  according  to  CCIR  reccrmandations,  experimentally 
determined  by  the  substitution  of  a "conventional  load"  for  the  multiplex  input  signal  during  the  busy 
hour.  The  conventional  load  is  a uni form- spec trim  Gaussian  noise  signal,  n,  the  mean  absolute  power  of 
which  at  a point  of  zero  relative  transmission  level  Is  given  by: 

n (P)  « -1  + 4 loge  N (dBrr>)  N>  240 

where  N Is  the  total  ntmbor  of  telephone  channels.  If  the  noise  loading  is  eliminated  by  a band-stop 
filter  from  one  of  the  telephone  channels  at  the  input  of  the  modulator,  the  total  noise  (IM  + BN)  (i.e. 
equipment  and  multipath  intermodulation,  and  basic  thermal  noise)  in  the  same  channel  can  be  measured.  If 
the  conventional  load  were  completely  removed, what  is  measured  at  the  channel  output  would  be  the  basic 
noise,  BN.  Both  measurements  are  expressed  as  noise-power- ratios , NPR,  relative  to  the  power  measured 
in  the  same  telephone  channel  under  full  conventional  loadlnq  without  the  band-stop  filter. 

The  Internodulation  is  then  obtained  as  the  difference  between  the  (IM  + RN)  and  then  BN, 
assuming  that  both  terms  add  on  a power  basis.  Tto  evaluate  the  multipath  intermodulation  the  following 
conditions  must  be  fulfilled: 


i 


(a)  the  BN  is  not  predominant , otherwise  bo  til  measurements  will  be  practically  equal, 
and 

(b)  the  equipment  in te modulation,  includinq  antenna  feeder  distortion,  does  not 
obscure  the  multipath  into  modulation. 

lb  minimise  the  equipment  inte modulation,  (b)  above,  the  alignment  of  the  transmitter  and 
receiver  under  test  was  carefully  (decked  and  optimized  and  the  bandwidth  determining  operational  IF 
anplifier  (3-dB  bandwidth  1.1  Mfz)  was  replaced  by  an  IF  anplifier  with  a 3-dB  bandwidth  in  excess  of 
4 MHz. 

The  intemcdulat ion  originating  in  the  equipment  was  measured  by  feeding  the  transmit  signal  into 
a receiver  after  appropriate  frequency  conversion  and  level  adjustment. 

The  NPR  test  arrangement  is  shown  schematically  in  Fig  18.  The  arrangement  allows  the  simultaneous 
measurements  of  the  RF  signal  strength  and  of  the  NPR  of  either  the  (BN  + total  IM)  or  the  BN  alone.  The 
measurement  procedure  remains  the  same  whether  or  not  pre-enphasis  is  used. 

The  test  results  for  links,  1,  2,  3,  and  5 are  simturised  in  Fig  19  to  22  wich  show,  for  various 
channel  deviations  and  different  channels  in  the  baseband,  the  NPR  for  BN,  (BN  + equipment  IM)  , and  the 
total  intemcdulation  plus  basic  noise,  as  measured  over  the  link.  Pre-enphasis  was  used  only  for  link  3. 

For  link  4,  mrltipath  intemcdulation  could  not  be  distinguished  from  (BN  * equipment  IM)  . This  result 
was  in  agreement  with  the  calculated  data,  which  indicated  that  multipath  intermodulation  would  be 
negligible. 

The  average  level  of  the  multipath  intermodulation  relative  to  the  signal  - expressed  as  the 
ratio  S/I  - at  an  RF  signal  level  equal  to  the  yearly  median  was  calculated  firm  measured  data. 

3.4  CCnparison  Between  Calculations  and  Measurwrents 


Very  close  agreement  between  the  calculated  and  measured  data  could  not  be  expected,  nviinly 

because: 

(a)  The  calculation  of  the  single  echo  asstmed  an  ideal  antenna  pattern  and  orientation, 
the  latter  greatly  affecting  the  magnitude  of  multipath  intermodulation. 

(b)  lb  account  for  the  multiplicity  of  echoes,  a 9-dB  adjustment  was  estimated,  based 
on  empirical  data  collected  frcm  four  rather  unusual  links,  three  in  the  Arctic  and 
one  in  the  Caribbean,  all  of  them  over  ice  or  water  (pages  25  and  26  of  Rsf . 5)  . 

(c)  There  is  a large  spread  (up  to  12  dB)  of  values  of  median  multipath  intermodulation 
for  a single  median  value  of  RF  signal  strength  (Fig  13  of  Ref  5)  . In  addition,  tlx? 
slope  of  the  regression-line  relating  median  NPR  and  median  RF  signal  strength  is  not 
constant,  but  has  been  reported  (pages  23  of  Ref.  5)  to  range  from  about  0.4  to  1.2  dB 
per  dB  or  RF  received  signal  power . 

These  limitations  should  be  renenbered  when  the  calculated  and  measured  results  are  canporcd 
(Table  4) . All  calculations  are  based  on  a standard  atmosphere  (Ng  = 301)  and  relate  to  the  intemcdulation 
in  the  highest  baseband  channel,  which  is  assured  to  be  the  worst.  On  average,  link  1 was  found  to  be 
5 dB  worse  than  calculated  and  appears  to  be  the  worst  among  the  links  examined  for  nultipath  intemcdulation. 

Link  2 and  link  3 are  respectively  1.5  dB  and  4 dB  better  titan  estimated.  This  is  not  particularly 
significant  because  the  equipment  intemcdulation  is  almost  equal  to,  or  worse  than,  die  multipadi  IM,  and 
any  estimate  of  multipath  IM  is  therefore  liable  to  be  considerably  in  error. 

Oi  link  5 where  the  measured  RF  median  signal  strength  was  found  to  be  6 dB  higher  than  calculated 
the  multipath  IM  is  4 dB  worse  than  predicted.  It  is  believed  that  the  path  qeciretry,  which  includes  two 
high  mountain  ridges,  is  the  cause  of  both  abnormal i t ies . 

4.  CONCLUSION 

The  measured  long-term  transmission  loss  an  seven  troposcatter  links  of  the  ACE  High  system  is 
generally  lower  than  the  loss  calculated  by  either  the  NBS  or  the  CCIR  method.  Both  methods  provide 
oatparable  accuracy,  but  the  OCIR  method  is  easier  to  use. 

The  validity  of  the  assumption  of  log-normal  distribution  for  the  short-term  median  transmission 
loss  h4s  been  confirmed  by  the  measurements  for  lew-signal  strengths. 

FOr  the  worst  month,  the  distribution  of  the  short-term  median  transmission  loss  is  non?  closely 
log-normal  than  for  other  months. 

The  standard  deviation  of  the  monthly  distribution  of  the  short-term  transmission  loss  tends  to 
decrease  with  the  monthly  median  signal  strength. 

The  measured  values  of  the  standard  deviation  of  the  yearly  distribution  are  in  fairly  good 
agreement  with  the  calculated  values,  except  for  two  oversea  paths. 

The  signal  level  exceeded  for  a hicji  percentage  of  any  month  cannot  be  predicted  frcm  the  monthly 
median  values. 
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The  correlation  between  the  monthly  median  transmission  loss  and  the  surface  refractrvity  is 
high  on  those  links  for  which  sufficient  meteorological  data  were  available  (links  1,  2,  and  3) . However, 
the  slope  of  the  regress ion- line  of  link  1 differs  considerably  from  those  of  links  2 and  3.  All 
regression-line  slopes  determined  are  -onsiderably  higher  than  those  reported  in  the  literature. 

Due  to  the  wide  spread  in  the  slopes  of  the  regression-lines,  for  which  no  explanation  is 
available,  reliable  prediction  of  the  monthly  median  transmission  loss  from  measurements  of  tire  surface 
refractivity  is  not  possible  at  present. 

Limited  measurements  of  the  correlation  between  short-term  median  values  on  adjacent  links 
indicate  that  for  performance  assessment  it  may  be  assumed  that  there  is  independent  pcwer  fading  during 
any  one  month. 

The  measured  values  of  multipath  intermodulation  noise  were  found  to  be  in  reasonable  agreement 
with  the  calculated  values. 

On  link  5 where  the  measured  median  signal  level  was  6 dB  higher  than  calculated  the  multipath 
IM  was  4 dB  worse  them  predicted.  It  is  believed  that  tne  path  geometry,  which  includes  two  high  mountain 
ridges,  was  the  cause  for  this  discrepancy. 
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Table  4:  Summary  of  calculated  and  measured  Intermodulation  noise 


LINK: 

1 

SHETLANDS - 
SOLA 

2 

EMDEN  - 
M, GLADBACH 

3 

PARIS-N  - 
M. GLADBACH 

4 

ATHENS - 
IZMIR 

5 

ESKISEHIR  - 
IZMIR 

ANGULAR  DISTANCE 
(mRAD  ) 

28.9 

27.1 

275 

17.5 

32.6 

i.67  l * e,x  e2 
(>jS> 

0.141 

0.096 

0.106 

0.0318 

0.117 

TEST  PERIOO 

MAY  1965 

DEC  1964 

MARCH  1965 

SEPT  1964 

OCT  1964 

MEASURED  YEARLY 
MEDIAN  / WORST  MONTH 
MEDIAN  (-dBm) 

63/70 

59/63 

59/63.5 

60/66 

51.5/54 

NS 

300 

310 

300 

290 

275 

CALCULATED  AVERAGE  MULTIPATH  INTERMOOULATION  (S/I) 

DUE  TO  MULTIPLE  ECHOES  < Ns  * 301  ) 

dB 

dB 

dB 

dB 

dB 

36  CHANNELS ; FM 

152  kHz  CHANNEL 

70  kHz  DEVIATION 

45 

50 

49 

63 

50 

60  CHANNELS:  FM 

290kHz  CHANNEL 

63  kHz  DEVIATION 

39 

46  5 

44 

57.5 

43.5 

60  CHANNELS  : PRE  - 
EMPHASIS 

290 kHz  CHANNEL 
40kHz  AV.  DEVIATION 

51.5 

58 

56.5 

70 

56 

MEASURED  MULTIPATH  INTERMODUL ATON  ( S/l  ).  AVERAGED  AT  MEDIAN  RF 

SIGNAL  STRENGTH  ADJUSTED  FOR  Ns  « 301  (SLOPE  = 1 dB  / 10  N-UNITS) 

RF  MEDIAN  (-dBm) 

63 kHz  DEVIATION 

63 

60 

59 

y- 

J 

«*M  ! MC 

60  CHANNELS  : FM 

H 

1 

1 

290  kHz  CHANNEL 

34 

- 

48 

1 * 

1 

152  kHz  CHANNEL 

39 

51.5 

54 

UJ  UJ 

46  j (42 ) 

105  kHz  CHANNEL 

41 

54 

— 

s 

It/) 

49.5  J (41) 

56kHz  CHANNEL 

- 

— 

— 

| 1 
tj  P 

f 

1 

i 

34  kHz  CHANNEL 

— 

66 

36  CH  LOADING  ) 

— 

3 u> 

1 3 

S2  ] (47) 
1 

COMPARISON  OF  VALUES  REFERRING  TO  THE  TOP  CHANNEL 

MEASUREMENT  IS 
x.dB  BETTER/WORSE 
THAN  CALCULATION 

5dB  WORSE 

1.5dB  BETTER 

4 dB  BETTER 

— 

4 dB  WORSE 

**  lignfr  |tr«ngVi  Ob r- 
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EMDEN-M  GLADBACH 
P *0.06 


E 
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D 

s 

I 

g 

Q 

QC 
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Q 
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ATHENS-KEFALLINIA 


* FOUR  MEDIANS  GREATER  THAN 
-30  dBm  NOT  SHOWN 


CATANZARO-KEFALLINIA 
P : 0.07 
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AVERAGE  OF  DAILY  MEDIAN  OF  BOTH  LINKS  (dBm) 


Fig. 


12:  Correlation  of  14-min  medians  of  adjacent  links  (EMDEN . -M. GLADBACH  and  PkRIS- 

N . GLADBACH ) 


MAIN  SIGNAL  PATH 


T - ECHO  DELAY  (pa) 

Fig.  14:  Signal -to -intermodulation  plotted  against  echo  delay 
in  top  channel  (single  echo,  FM  without  pre-emphasis) 

Link  1:  Shetlands  - Sola 
Link  2:  Bnden  - M.  Gladbach 
Link  3:  Paris  - M.  Gladbach 
Link  4:  Athens  - Izmir 
Link  5:  Eskisehir  - Izmir 


T - ECHO  DELAY  (>j*> 

Fig.  15:  Signal-to-intermodulat ion  plotted  against  echo  delay 
in  top  channel  (single  echo,  FH  without  pre-emphasis) 

Link  It  Shetlands  - Sola 
Link  2:  EJnden  - M.  Gladbach 
Link  3:  Paris  - M.  Gladbach 
Link  4:  Athens  - Izmir 
Link  5:  Eskisehir  - Izmir 
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T - ECHO  OClAY  (p«) 


Fig.  16:  Signal -to-lntemodulat Ion  plotted  against  echo  delay  in 
top  channel  (single  echo,  FH  with  pre-emphasis  according 
to  Fig.  17  Curve  B) 


Link  1:  Shetlands  - Sola 
Link  2:  Bnden  - M.  Gladbach 
Link  3:  Paris  - M.  Gladbach 
Link  4:  Athens  - Izmir 
Link  5:  Esklsehix  - Izmir 


RtF  1 (BELL) 


— 

REF  a 


DC 'EMPHASIS 
CIRCUIT  USED 
FOR  TESTS 


NORMALIZED  BASEBAND  FREQUENCY  . Vf 


Fig.  17:  Pre-emphasis  characteristics 
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DEVIATION:  63  kHz 


CHANNEL  T52  kHz 


CHANNEL  : 105  kHz 


INSTANTANEOUS  RF  SIGNAL  STRENGTH  ( dBm  ) 
CHANNEL  34  kHz 


BASIC  NOISE 

BASIC  NOISE  ♦INTERMODULATION  IN  THE  EQUIPMENT 

BASIC  NOISE  . TOTAL  INTERMODULATION 

C = CALCULATED  BASIC  NOISE 
T = TOTAL  INTERMODULATION 


Fig.  19:  Multipath  Intermodulation  test  results:  Link  Shetlands-Sola  (May  1965) 
Conditions  Conventional  load  12  to  300  kHz,  +5.1  dBmO 
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DEVIATION  : 70kHz 
CHANNEL:  152  kHz 


INSTANTANEOUS  RF  SIGNAL  STRENGTH! dBm) 


INSTANTANEOUS  RF  SIGNAL  STRENGTH! dBm) 


-80  -70  -80  -SO 

INSTANTANEOUS  RF  SIGNAL  STRENGTH  (dBm) 


BASIC  NOISE 

BASIC  NOISE.  INTERMOOULATION  IN  THE  EQUIPMENT 

BASIC  NOISE  .TOTAL  INTERMOOULATION 

C = CALCULATED  BASIC  NOISE 
T : TOTAL  INTERMOOULATION 

Fig.  20:  Multipath  Intermodulations  test  results: 
Link  Emden-M.Gladbuch  (Dec  64) 

Conditions:  Conventional  load  12  to  156  kHz 
+ 5.2  dBmO 


CHANNEL  : 280  kHz 


DEVIATION  . 83  kHz 


INSTANTANEOUS  RF  SIGNAL  STRENGTH(dBm) 

BASIC  NOISE 

— — BASIC  NOISE.  INTERMOOULATION  IN  THE  EQUIPMENT 

BASIC  NOISE  .TOTAL  INTERMOOULATION 

C • CALCULATED  BASIC  NOISE 

T « TOTAL  INTERMOOULATION 


Fig.  21:  Multipath  intermodnlation  test  results: 

Link  Paris-M.Gladbach  (Mar  65) 

Conditions:  Conventional  load  12  to  300  kHz, 
+ 6.1  dBmO 
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DEVIATION  63  kHz 
CHANNEL  2tOkHz 


INSTANTANEOUS  RF  SIGNAL  STRENGTH  (dBm) 


INSTANTANEOUS  RF  SIGNAL  STRENGTH(dBm) 
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BASIC  NOISE  ♦INTERMODULATION  IN  THE  EQUIPMENT 

BASIC  NOISE  .TOTAL  INTER  MODULATION 
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Fig.  22:  Multipath  intermodulation  test  results:  Link  Eskisehir-Izmir  (Oct  64) 

Conditions:  Conventional  load  12  to  300  kHz,  + 6.1  dBmo  (no  pre-emphasis) 
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This  paper  will  review  the  state-of-the-art  in  effective  communications  techniques 
for  fading  multipath-distorted  radio  links.  The  system  function  parameters  of  important 
radio  links  will  be  defined  and  the  relationship  between  the  values  of  these  parameters  and 
the  selection  of  appropriate  modulation  and  demodulation  techniques  will  be  discussed. 

Reliable  conmunlcat ion  over  fading  dispersive  channels  requires  the  utilization  of 
diversity  conmunlcat ions  of  some  form.  In  addition  to  the  conventional  forms  of  diversity, 
such  as  space,  frequency,  angle,  and  polarization,  advanced  communication  techniques  make 
use  of  "signal"  diversity  which  exists  in  the  signal  structure  of  the  received  digital  modu- 
lation waveform  by  virtue  of  the  time  and  frequency  selectivity  of  the  channel.  Utiliza- 
tion of  modem  and  coding  techniques  to  exploit  signal  diversity  will  be  discussed  and  error 
rate  curves  presented. 

1 . INTRODUCTION 

The  increasing  demands  for  reliable  digital  data  and  digitized  voice  transmission 
have  provided  the  motivation  for  the  continuing  research  and  development  work  on  signal  pro- 
cessing design  for  radio  channels.  In  this  paper  the  focus  is  on  modem  (modulator-demodulator) 
design  techniques  for  fading  dispersive  channels,  i.e.,  channels  in  which  multipath  and 
fading  are  the  normal  situation.  While  the  discussion  will  focus  on  the  techniques  as  gen- 
eral tools,  consideration  will  he  given  to  the  application  of  these  principles  to  specific 
channels.  Before  discussing  modem  techniques,  we  present  a short  background  discussion  on 
channel  characterization  and  a list  of  some  representative  channel  parameter  values  for  radio 
channels  of  Interest.  The  following  section  takes  up  modem  techniques  starting  with  design 
for  flat  failing  situations  and  leading  to  a discussion  of  the  impact  of  terminal  equipment 
constraints  on  signal  design.  Considerable  attention  is  given  to  modem  techniques  for  radio 
channels  using  power  amplifiers  operating  at  constant  peak  power.  Both, classes  of  techniques 
in  which  the  pulses  are  slightly  distorted  by  the  channel,  and  those  in  which  the  pulses  are 
highly  distorted  by  the  channel  are  considered.  A following  section  discusses  the  consider- 
able benefits  to  be  achieved  by  coding  on  fading  dispersive  radio  channels. 

2.  CHANNEL  CHARACTERIZATION 

The  radio  channels  of  interest  here  are  linear  and,  as  with  all  linear  systems,  the 
impulse  response  or  transfer  function  provide  the  essential  information  for  characterizing 
input-output  behavior.  However,  such  characterization  is  complicated  by  the  fact  that  these 
system  functions  not  only  are  random  processes,  but  also  at  best  quasi-stat ionary  random 
processes.  An  Idealized  statistical  model  that  has  found  general  utility  for  fading  dis- 
persive radio  channels  when  applied  on  a quasi-st at  ionary  basis  is  the  Gaussian  wide-sense 
stationary  uncorrelated  scattering  channel  (abbreviated  GWSSUS)  [1|. 

The  defining  characteristics  of  the  GWSSUS  model  may  be  expressed  in  either  of  two 
equivalent  forms: 

\ 

(a)  The  time-variant  transfer  function  is  a wide-sense  stationary  complex 
Gaussian  process  in  both  the  time  and  frequency  variables  of  the 
transfer  function; 
or 

(h)  The  impulse  response  is  a burst  of  white  noise  which  has  complex 
Gaussian  statistics  on  an  ensemble  basis. 

The  latter  definition  is  useful  for  providing  an  Interpretation  in  terms  of  a general 
independent-scatter  model,  while  the  former  allows  us  to  grasp  directly  the  time  and  fre- 
quency selective  distorting  properties  of  the  channel. 

If  we  denote  the  time-variant  transfer  function  of  the  channel  by  T(f,t),  the  WSSUS 
property  of  definition  (a)  becomes 


T*(f,t)T(f + 0,t  +r)  - R(O.r)  (1) 


where  R(0,r)  is  called  the  time- frequency  correlation  function  of  the  channel.  In  most 
cases  of  interest,  the  two  correlation  functions 


q((l)  - R(O,0)  (2) 

p(r ) - K ( 0 , r ) (3) 

are  sufficient  to  describe  the  frequency  and  time  selectivity  of  the  channel.  The  function 
q (11)  In  called  the  frequency  correlation  function  of  the  channel  since  it  Is  the  correlation 
between  two  received  carriers  as  a function  of  their  frequency  spacing  Oat  transmission. 

The  function  p(r)  Is  .Just  the  autocorrelation  function  of  a received  carrier  and,  for 
symmetry,  Is  called  the  time  correlation  function. 

The  time-variant  Impulse  response  g(t,{)  and  transfer  function  T(f,t)  are  Fourier 
transform  pairs 

R(t.O  - f T(f,t)eJ2wf*  df  (A) 

T(f,t)  - J g(t.t)*‘J2Wft  <U  (5) 

The  equivalent  definition  (b)  Is  a direct  consequence  of  (a)  and  this  Fourier  transform 
relation  [11.  In  mathematical  terms,  (b)  takes  the  form 

g*(t.Og(t  +T,n)  “ Q(T,t)6(q-C)  (6) 

where  6(0  Is  the  unit  Impulse  function.  It  is  readily  shown  that  q(T,{)  and  K(0,r)  are 
Fourier  transform  pairs  (y  fixed).  Q(r.O  has  been  called  the  tap  gain  correlation  function 
because  it  Is  proportional  to  the  autocorrelation  function  of  the  fluctuations  for  scattcrers 
providing  path  delays  In  the  range  ({.C+d^)  In  a tapped  delay  line  channel  model. 

Of  particular  interest  In  applications  Is  the  Intensity  of  scattering  versus  delay 
C.Q(t).  called  the  delay  newer  spectrum 


Q(()  - q<0,C)  - f q(0)eJ2wtn  dll 


The  delay  power  spectrum  Q({)  and  frequency  correlation  function  q(0)  are  Fourier  transform 
pairs.  From  the  width  of  Q(C'  we  can  directly  determine  the  amount  of  Intersymbol  Interfer- 
ence and  the  degree  of  frequency  selectivity.  This  width  is  called  the  multipath  spread  of 
the  channel.  Clearly,  one  may  define  "width"  in  many  ways.  One  definition  that  has  found 
use  In  the  literature  (perhaps  because  it  can  he  shown  to  characterize  the  onset  of  frequency 
selectivity  In  a limited  bandwidth)  Is  the  rms  multipath  spread  L.  This  parameter  is  defined 
in  terms  of  q(()  as  follows: 


qiO  JC 


. [I  i 

UQ(t)  ‘Uj 


Also  of  particular  Interest  in  applications  is  the  Doppler  power  spectrum  and 
Doppler  spread  of  the  channel.  The  Doppler  power  spectrum  P(u)  is  the  power  spectrum  of  a 
received  carrier  and,  thus,  the  Fourier  transform  of  the  time-correlation  function  p(r) 


P(p)  " f p(t)e  •'*-1TVT  dt 


Analogous  to  (8)  we  have  the  definition  of  B,  the  rms  Doppler  spread, 


] v P(p)  dp 
J P(P)  dP 


1 i’  r(  e)  dr  ' 
J P(P)  dl> 


The  two  power  spectra  q(£)  and  l’(p)  and  parameters  B and  l.  are  the  most  used  and 
most  measured  parameters  for  fading  dispersive  radio  channels.  It  should  be  realized  that, 
because  of  the  quasi -stat ionarv  nature  of  the  radio  channels,  q({),  P(p),  B,  and  L,  and  the 
other  correlation  functions  discussed  above  must  be  regarded  ns  slowly  varying  in  time  In 
addition  to  being  somewhat  dependent  on  operating  frequency.  Table  1 presents  representative 
values  of  multipath  and  Doppler  spread  for  several  different  fading-dispersive  radio  links, 
and  includes  some  references  so  that  the  reader  may  obtain  more  detailed  Information.  We 
have  also  listed  the  product  HI.,  known  as  the  spread  factor,  which  has  bearing  on  modem 
design,  as  will  be  discussed  below. 

To  give  the  render  an  intuitive  picture  relating  multipath  and  Doppler  spread  to  the 
distortion  that  may  he  produced  on  a signaling  element  of  bandwidth  W or  time  duration  T,  we 
show  In  Figure  1 a single  record  of  the  magnitude  of  a complex  Gaussian  process  generated  by 
computer  simulation  (a  power  spectrum  equivalent  to  passing  white  noise  through  a double 
tuned  filter  was  used).  The  horizontal  axis  can  either  be  interpreted  as  time  In  units  of 
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1/B  or  as  frequency  tn  units  of  1/L.  In  the  former  case,  the  record  would  represent  the 
received  envelope  of  a fading  carrier  having  the  familiar  Rayleigh  distribution.  In  the 
latter  case,  the  record  would  represent  a "snapshot"  of  the  magnitude  of  the  transfer 
function  of  a GWSSUS  channel. 

Examination  of  Figure  1 shows,  by  Inspection,  that  to  achieve  small  distortion  over 
the  bandwidth  W of  a signaling  element,  the  nonfroquency-aolectlve  or  flat  fading  case,  the 
following  Inequality  must  be  satisfied: 

- WL  « 1 (111 

Similarly,  to  have  little  distortion  in  a time  interval  T requires  that  the  time  duration 
of  the  signaling  element  satisfy  the  inequality 

T7b  ■ "T  « 1 <12> 

The  amount  of  distortion  and  system  performance  degradation  suffered  by  a link  for  given 
values  of  BT  and  Wl.  depend  on  the  modem  technique  and,  generally,  the  delay  and  Doppler 
power  spectra  shapes. 

For  a representative  set  of  calculations  on  the  degrading  effects  of  time  and  fre- 
quency selective  fading,  the  reader  may  consult  references  l 38 1 through  [46]. 

3.  TECHNIQUES 

We  will  gradually  evolve  the  collection  of  available  techniques  for  modem  design  by 
starting  with  simple  cases  and  adding  complexity . Moat  attention  will  be  given  to  techniques 
applicable  to  channels  having  a power  amplifier  with  a constant  peak  power  constraint.  The 
considerable  benefits  of  codtng  are  discussed. 

3.1  Flat-Flat  Fading 

Let  us  assume  first  that  we  wish  to  communicate  in  such  a way  that  our  signaling 
elements  suffer  little  distortion.  This  means  that  over  the  time  duration  and  bandwidth  of 
the  signaling  elements,  the  time-variant  transfer  function  changes  little,  i.e.,  (11)  and 
(12)  must  both  be  satisfied.  Since  the  product  WT  has  a lower  hound  for  any  meaningful 
definitions  of  W and  T,  It  Is  possible  to  postulate  channels  for  which  both  inequalities 
cannot  be  satisfied.  In  addition,  there  is  a lack  of  precision  in  the  strong  inequalities 
(11)  and  (12).  To  clarify  this  situation  by  example;  we  have  provided  in  Figure  2 some 
theoretical  plots  [46]  of  irreducible  error  probability,  i.e.,  error  probability  due  to 
signal  distortion  alone,  for  a binary  phase-continuous  FSK  modem  as  a function  of  a normal- 
ised data  rate  d « 1/T  jlJ  R,  for  different  values  of  the  spread  factor  BL. 

Each  of  these  curves  exhibits  a minimum.  For  data  rates  higher  than  the  minimum, 
frequency-selective  distortion  predominates,  while  for  data  rates  below  this  minimum,  time- 
selective  or  fast  fading  predominates . Note  that,  as  the  spread  factor  decreases,  the 
minimum  error  rate  decreases.  If  the  error  rate  due  to  additive  noise  alone  is  much  larger 
than  that  due  to  selective  fading  alone,  one  may  any  that  the  inequalities  (11)  and  (12)  are 
satisfied  to  the  extent  required  to  represent  performance  on  the  basis  of  flat-flat  fading 
or  distortionless  transmission.  For  brevity,  we  shall  use  the  term  flat  fading  to  mean 
flat-flat  fading. 

It  Is  Instructive  to  compare,  In  Figure  3,  the  error  rate  performance  of  a binary 
PS K modem  on  a flat  fading  complex  Gaussian  channel  with  Its  performance  on  a nonfading 
channel  for  the  same  SNR.  We  note  the  ever-increasing  SNR  separation  between  these  curves 
as  the  desired  error  rate  decreases.  Of  course,  the  poor  performance  of  the  flat  fading 
channel  la  due  to  the  deep  fades.  To  counteract  these  deep  fades,  one  may  employ  diversity 
communications.  This  Involves  transmitting  the  same  signal  on  a different  channel  from 
aourc*  to  destination,  selected  so  that  the  likelihood  of  both  channels  having  deep  fades 
is  much  smaller  than  either  one  separately  having  a deep  fade. 

A number  of  different  methods  of  obtaining  suitable  diversity  channels,  and  also  a 
number  of  different  methods  of  diversity  combining,  have  been  used  in  the  past . The  moat 
common  forms  of  diversity  channels  used  are  space  diversity  and  frequency  diversity. 

Channels  separated  sufficiently  spatially  (separated  transmitters  and/or  aeparat ed  receivers) 
tend  to  fade  in  an  uncorrelated  fashion  as  do  channels  with  sufficiently  separated  operating 
frequencies.  Additional  forma  of  diversity  channels,  not  Infrequently  discussed  in  the 
literature,  are  polarisation  and  ang 1 e . corresponding  to  the  usage  of  different  polariza- 
tions and  different  antenna  pointing  angles.  In  the  following  sections  we  shall  frequently 
refer  to  signal  diversity,  which  la  the  diversity  implicit  in  the  received  waveform  by  virtue 
of  the  time  and  frequency  select lve  fading  Imposed  by  the  channel  on  the  received  signal. 
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The  optimal  method  of  combining  In  called  predetection  maximal  ratio  combining  |47) 
and  Involves  weight  in#  each  diversity  channel  received  signal  by  a complex  gain  which  Is 
proportional  to  the  conjugate  of  the  channel  gain.  Thus,  for  the  k'th  flat  fading  diversity 
channel,  the  received  signal  complex  envelope  w^(t)  Is  related  to  the  transmitted  complex 
envelope  s(t)  by  the  equation 

wk(t)  - g^Osft)  + (13) 

where  gk(t)  la  a complex  Gaussian  process  and  nk(t)  is  an  additive  noise.  For  flat-flat 
fading,  gk(t)  changes  very  little  over  the  duration  of  any  signaling  element  in  s(t).  The 
diversity-combined  signal  w(t)  for  optimum  combining  takes  the  form 

K 

w(t)  - E g*(t)w.  (t) 
k-1 


- j, 

' ' K 

where  K Is  the  order  of  diversity.  The  term,  E 
the  diversity  combined  signal,  Is  just  the  k-l 
the  diversity  channels. 


l8k  1 • which  represents  the  strength  of 

sum  of  the  instantaneous  powers  of 


Practical  Implementations  attempting  near-optimum  combining  have  been  carried  out  by 
Industry  (e.g.,  (48),  (49))  utilising  decision-directed  removal  of  the  data  modulation  to 
recover  an  unmodulated  carrier.  Figure  4 shows  the  Ideal  performance  of  predetection  maximal 
ratio  combining  for  up  to  8'th-order  diversity.  The  solid  lines  are  plots  vs.  the  SNR  per 
diversity  channel  while  the  dotted  lines  are  plots  vs.  the  total  SNR,  and  the  dashed  line 
Indicates  the  nonfading  error  rate  curve.  Note  that  as  the  order  of  diversity  Increases,  the 
optimal  diversity  performance  vs.  total  SNR  approaches  that  of  the  nonfading  channel,  a 
satisfying  result  indeed.  At  8'th-order  diversity  and  error  rates  about  10"^,  the  approach 
Is  within  4 dB,  decreasing  to  less  than  a dB  at  10”*. 

Other  forms  of  diversity  combining  are  simpler  to  Implement  but  suffer  performance 
degradation  relative  to  predetection  maximal  ratio  combining.  Thus,  equal  gain  predetection 
combining  which  Just  phase  weights  the  diversity  channels,  t.e., 


K *k 
w(t)  - E -r—r  wk(t) 

k-1  »*k>  k 


suffers  a degradation  of  around  0.6  dB  for  dual  diversity  and  1.0  dB  for  quadruple  diversity 
at  high  SNR.  Selection  diversity,  which  Involves  selecting  the  channel  with  the  largest 
strength  and  Ignoring  the  rest,  suffers  1.5  and  3.4  dB  degradation  for  dual  and  quadruple 
diversity,  respectively,  relative  to  predetection  maximal  ratio  combining  at  high  SNR.  (Sec 
(47)  for  a discussion  of  classical  combining  methods  and  their  performances.) 

3.2  Effect  of  Terminal  Equipment  Constraints  and  Selective  Fading  on  Modem  Design 


It  might  appear  from  the  preceding  section  that  the  problem  of  digital  communications 
over  fading  dispersive  channels  Is  straightforward:  use  enough  diversity  with  predetection 
maximal  ratio  combining  and  select  signaling  pulse  durations  and  bandwldths  for  flat-flat 
fading.  There  are  five  important  factors  overlooked  In  this  "solution": 

• Desired  data  rates 
e Power  amplifier  linearity 
e Channel  allocation  bandwidth 
e Channel  measurement  Inaccuracies 


• Cost  and  complexity. 


Adjusting  the  pulse 
train,  this  data  rate  will 
data  rate  can  obviously  he 
trains,  taking  due  care  not 
pulse  trains.  To  minimise 
should  be  kept  as  small  as 
of  receiver  time  gating  may 
digital  modems.  Briefly,  a 
extract  the  central  portion 


duration  for  minimum  distortion  sets  the  data  rate  of  the  pulse 
generally  be  far  below  the  desired  data  rate.  An  Increase  In 
achieved  by  frequency-division-multiplexing  additional  pulse 
to  allow  significant  interference  between  flat  fading  received 
the  complexity  of  the  modem,  the  number  of  parallel  pulse  trains 
possible.  To  minimise  the  number  of  pulse  trains,  the  technique 
be  employed  (39).  This  technique  is  used  on  all  advanced  HF 
synchronised  time  gate  Is  placed  over  the  received  pulses  to 
of  the  pulses  and  eliminate  the  intersymbol  Interference  portion. 
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The  separation  frequency  of  adjacent  pulse  trains  Is  set  equal  to  the  reciprocal  of  the  . 

time  gate,  so  that  an  integrate-and-dump  operation  for  each  data  stream  produces  orthogon- 
ality between  all  pulse  trains  If  the  Intersymbol  Interference  has  been  removed  and  If  time- 
selective  distortion  Is  negligible.  The  multipath  distorted  energy  which  Is  excluded  by 
the  time  gates  Is  lost  but.  If  the  duty  cycle  of  the  gate  Is  high,  the  loss  In  energv  Is smal  1 . 

The  utilization  of  optimal  combining  requires  that  the  complex  gains  { g^ ( t ) J In 
(13)  be  measured  sufficiently  accurately.  Relatively  small  errors  can  Introduce  significant 
degradation  [40].  Accurate  measurement  requires  averaging  over  a time  Interval  Tm  long 
compared  to  a signaling, element  duration,  l.e., 

Tm  » T (16) 

in  order  for  the  resultant  additive  noise  component  of  the  measurement  to  have  an  effect  on 
error  rate  small  compared  to  that  due  to  the  additive  noise  components  of  the  decision  vari- 
ables. To  avoid  time-selective  fading  distortion  during  the  measurement  requires 

j 

BTm  <<  1 — BT  ««  1 (17) 

Moreover,  for  small  degradation  due  to  frequency-selective  fading, 

WL  1 (18) 

Since  the  TW  product  has  a lower  bound,  we  find  the  above  inequalities  lead  to  the  con- 
clusion that  the  spread  factor  Bl.  must  satisfy  the  Inequality: 

BL  very  much  less  than  unity  (19) 

If  accurate  measurement  of  g]t(t>  is  to  be  attempted  and  predetection  maximal  ratio  combining 
used.  Since  coherent  detection,  as  In  PSK  demodulation,  requires  the  extraction  of  a phase 
reference,  the  above  arguments  apply  directly,  and  (19)  is  required  If  PSK  modems  are  to  be 
used. 

We  note  from  Table  l that  the  spread  factor  of  the  troposcalter  channel  is  very 
small,  varying  from  10"^  to  10*\  Indicating  that  accurate  channel  measurements  and  coherent 
PSK  operation  should  be  possible  without  difficulty.  On  the  other  hand,  the  HF  channel  and 
the  surface  scatter  channel,  which  can  have  spread  factors  as  high  as  10“2,  will  present 
some  difficulty  in  attempting  channel  measurements  lasting  many  signaling  elements.  For 
such  channels,  one  may  use  post-detection  diversity  combining  coupled  with  differential  PSK 
and  incoherent  FSK  modems  to  good  effect.  In  such  a combining  technique,  the  decision  vari- 
ables are  added  after  filtering  or  integrate-and-dump  operations.  This  procedure  is  standard 
on  HF  modems  when  diversity  combining  Is  used.  At  high  SNR,  the  binary  PSK  modem  is  3 dR 
better  than  binary  DPSK,  and  the  latter  Is  3 dB  better  than  binary  FSK.  (See  [47)  for  per- 
formance analysis.)  The  urban  mobile  and  meteor  burst  channels  lie  somewhere  between  the 
above  extremes.  Indicating  that  predetection  combining  may  sometimes  be  possible. 

The  above  discussion  has  centered  on  the  use  of  frequency-dlvislon-multlplexed  sub- 
carriers combined  with  receiver  gating  to  Increase  data  rates  beyond  that  of  a single  flat 
fading  pulse  train.  Implicit  In  such  an  approach  Is  the  use  of  a linear  power  amplifier 
since  such  a multiplexed  set  of  carriers  has  an  instantaneous  power  with  a large  peak-to- 
average  value.  For  HF  links  this  Is  not  a problem,  but  for  troposcatter  links,  for  example, 
this  linear  power  amplifier  requirement  cannot  be  met  without  large  sacrifices  in  average 
radiated  power.  The  Klystron  used  in  troposcatter  applications  needs  to  run  saturated  and 
at  constant  peak  power  for  high  efficiency.  In  fact,  for  most  radio  links,  constant  peak 
power  operation  Is  the  preferred  mode. 

To  grasp  the  difficulty  of  the  design  problem,  we  repeat  in  Figure  5 the  same  trans- 
fer function  "snapshot"  shown  In  Figure  1.  Superimposed  on  this  random  transfer  function  we 
show  the  bandwidth  allocations  for  tropo  and  HF  channels.  Because  of  the  normalized  hori- 
zontal axis,  these  allocations  are  represented  in  units  of  the  reciprocal  multipath  spread 
of  the  channel  Note  that  a signaling  pulse  which  fully  occupies  the  allocated  bandwidth  in 
a troposcatter  channel  will  suffer  severe  frequency-selective  distortion.  Conventional 
modem  techniques,  described  above  for  the  flat  fading  channel,  will  clearly  be  inoperable. 

The  typical  HF  channel  has  even  larger  selective  fading  distortion  but,  as  described  above, 
by  using  parallel  transmission  of  low  data  rate  streams  coupled  with  receiver  gating,  the 
harmful  effects  of  the  selective  fading  are  neutralized. 

Despite  the  inability  to  use  parallel  transmission  for  increasing  data  rate  on  fading 
dispersive  channels  with  constant  envelope  signal  transmission  constraints,  we  can  use 
alternate  approaches  that  have  varying  degrees  of  effectiveness.  These  techniques  are 
categorized  and  discussed  in  the  following  section.  Of  course,  these  techniques  may  also  be 
used  when  the  power  amplifier  is  linear. 


3.3 


Modem  Techniques  for  Increased  Bandwidth  Utilization  With  Constant  Envelope 
Transmission  Constraint:  Slightly  Distorted  Pulse  Case 


Figure  6 provides  a categorisation  of  modem  techniques  which  are  useful  to  varying 
degrees  In  Increasing  the  data  rate  transmission  beyond  that  of  a flat  fading  transmission 
when  the  power  amplifier  limits  the  transmission  to  essentially  constant  envelopes.  We 
first  separate  the  techniques  Into  two  classes  depending  on  whether  the  basic  signaling 
elements  or  pulses  are  slightly  or  highly  distorted  by  the  channel.  This  section  briefly 
considers  the  slightly  distorted  pulse  case. 

We  consider  first  the  case  wherein  the  pulses  are  slightly  distorted  by  the  channel. 
In  this  case  the  highest  data  rates  are  achievable  by  the  use  of  coherent  detection,  receiver 
time  gating,  and  M'ary  signaling  In  which  several  bits  are  represented  by  the  frequency 
location  and  phase  of  a transmitted  pulse.  Constant  envelope  transmission  occurs  because 
only  one  pulse  Is  used  at  any  time.  A performance  analysis  of  this  type  of  system  is  given 
in  [44] . Such  a system  has  been  built  and  tested  for  troposcatter  links  |50]  with  on-the-air 
performance  close  to  theoretical  predictions.  The  maximum  data  rate  achieved  by  thl6  system 
was  3 Mb/s  utilizing  4-FSK/2-PSK  modulation,  i.e.,  each  pulse  transmitted  could  have  one  of 
four  frequencies  and  one  of  two  phases  corresponding  to  three  bits  of  information.  Seven 
other  lower  data  rate  modes  of  operation  existed  which  allowed  the  utilization  of  a particu- 
lar form  of  signal  diversity,  trading  reduced  data  rate  for  increased  performance.  Hie 
availability  of  signal  diversity  arises  from  the  observable  fact  (see  Figure  5)  that  pulses 
at  sufficiently  different  frequencies  will  fluctuate  In  an  uncorrelated  fashion.  Predetec- 
tion diversity  combining  of  pulses  with  the  same  Information  on  different  frequencies  then 
allows,  in  effect,  the  achievement  of  what  might  be  called  In-band  frequency  diversity. 

Figure  7 Illustrates  the  time  gating  concept  with  M'ary  FSK.  The  four  frequencies, 
fl , f2»  f3»  and  f^,  are  utilized,  lender  flat  fading  conditions,  the  received  envelope  would 
be  flat,  as  Indicated  In  the  top  Illustration.  With  selective  fading,  the  received  waveform, 
consisting  of  a sequence  of  pulses  centered  at  a randomly-selected  set  of  frequencies  from 
fl,  fa.  f3»  and  f^  would  be  received  distorted,  as  shown  in  the  middle  Illustration.  The 
central  portions  of  the  pulses  represent  the  strengths  that  a received  carrier  would  have  at 
the  same  transmitted  frequency.  After  time  gating,  a set  of  rectangular  pulses  is  obtained, 
as  shown  in  the  bottom  illustration.  The  potentialities  for  signal  diversity  are  clearly 
evident . 

Another  approach  to  achieving  signal  diversity  is  to  use  different  time- frequency 
patterns  of  pulses  to  represent  different  symbols  of  a higher-order  alphabet.  If  the  pat- 
terns are  chosen  to  have  few  pulses  in  common,  the  decision  variables  will  be  found  to  con- 
tain the  sum  of  energies  from  pulses  at  several  frequencies,  providing  in-band  diversity. 

This  has  apparently  not  been  Implemented  for  coherent  systems. 

With  noncoherent  reception  and  slightly  distorted  pulses,  M'ary  FSK  may  be  employed 
to  Increase  data  rate.  As  with  coherent  reception,  signal  diversity  can  be  achieved  by 
repeating  the  same  information  at  different  frequencies.  Such  a scheme  has  been  Implemented 
using  incoherent  binary  FSK  for  troposcatter  links  [51].  The  same  binary  FSK  information 
was  repeated  at  different  frequencies  until  the  allocated  bandwidth  was  covered.  The  use 
of  time- frequency  patterns  has  also  been  implemented  for  troposcatter  links  with  noncoherent 
detection  [52],  [53].  Maximum  data  rates  of  around  1 Mb/s  were  achieved  with  these  tech- 
niques. Figure  8 shows  the  M'ary  frequency  time  pattern  used  In  [52].  Each  pattern  contains 
four  pulses  of  different  frequencies,  and  no  two  patterns  overlap  in  more  than  one  location, 
yielding  a potential  for  third-order  signal  diversity  (see  the  analysis  In  [15]). 

A dlfferentially-coherent  modem  approach  is  also  possible  with  slightly  distorted 
pulses.  A reference  pulse  is  needed  for  the  differential  PSK  demodulation  which  reduces  the 
data  rate  packing  over  FSK,  but  M'ary  DPSK  may  be  used  to  increase  the  data  rate. 

3.4  Modem  Techniques  for  Increased  Bandwidth  Utilization  With  Constant  Envelope 

Transmission  Constraint:  Highly  Distorted  Pulse  Case 

Instead  of  attempting  to  design  signaling  waveforms  containing  pulses  that  will  be 
slightly  distorted  by  the  channel,  one  may  attempt  to  use  narrow  pulses  which  will  be  highly 
distorted  by  the  channel  and  devise  demodulation  procedures  which  can  take  advantage  of  this 
distortion.  We  demonstrate  first  that  a highly  distorted  received  pulse  can  potentially 
provide  whatever  signal  diversity  Is  implicit  in  the  frequency  selectivity  existing  over  the 
frequency  band  occupied  by  the  pulse. 

For  the  techniques  of  interest,  the  energy  in  a received  pulse  has  a dominant  effect 
on  the  signal  strength  at  the  detector  output.  For  a transmitted  pulse  s(t)  with  spectrum 
S(f),  this  energy  Is  given  by 
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where  we  have  represented  the  channel  by  the  "snapshot"  of  the  time-variant  transfer  func- 
tion applicable  to  the  time  of  arrival  of  the  received  pulse.  This  approximation  Is  valid 
provided  the  channel  changes  little  In  a time  Interval  of  the  order  of  a pulse  duration — a 
reasonable  assumption  for  the  channels  In  Table  1 for  the  data  rates  of  Interest. 

Assuming  T(f,tg)  Is  a complex  Gaussian  process  In  f,  standard  orthogonal  expansions 
(54]  yield  an  alternate  expression  for  S as 

s - z xk \«v \2  (2D 

where  the  (g^l  are  Independent  complex  Gaussian  variables  of  unit  strength  and  Xk  are  posi- 
tive numbers  equal  to  eigenvalues  of  an  appropriate  integral  equation.  The  diversity  action 
is  evident  by  comparing  this  term  with  the  signal  term  in  predetection  diversity  combining 
In  (14). 


To  proceed  on  a more  intuitive  basis,  however,  we  may  apply  the  sampling  theorem  to 
(20)  to  show  that 


(22) 


where  To  Is  the  duration  of  the  received  pulse.  We  see  from  (22)  that  the  energy  of  the 
received  pulse  Is  proportional  to  the  sum  of  squared  samples  of  the  transfer  function  In  the 
frequency  domain  weighted  by  the  pulse  energy  density  spectrum.  From  examination  of  Figure  5 
we  see  that  this  gives  a physical  picture  of  the  signal  diversity  as  an  "ln-band"  frequency 
diversity. 

The  use  of  pulses  which  become  highly  distorted  implies  that  the  received  pulse 
becomes  perceptibly  lengthened  by  the  impulse  response  of  the  channel.  Thus,  If  Ltot  is  a 
multipath  spread  parameter  defined  as  the  "total"  duration  of  the  Impulse  response,  and  T 
Is  the  transmitted  pulse  duration. 


T„  - T + L 


tot 


(23) 


Is  the  received  pulse  duration.  Consequently,  if  a sequence  of  pulses  of  duration  T is  to 
be  transmitted  continuously,  there  will  be  considerable  Intersymbol  Interference  unless 
successive  pulses  occupy  different  frequency  bands.  Strictly  speaking,  not  only  Is  the 
pulse  duration  broadened,  but  also  the  received  pulse  bandwidth,  because  of  the  channel 
Doppler  spread.  Defining  the  Doppler  spread  parameter  Btot  as  the  "total"  bandwidth  occu- 
pancy of  a received  carrier,  we  see  that  a received  pulse  will  have  the  bandwidth 
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where  W Is  the  transmitted  pulse  bandwidth.  In  most  applications  of  interest. 
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so  the  pulse  bandwidth  broadening  is  small. 


(25) 


Returning  to  the  categorization  in  Figure  6,  we  note  that  three  reception  techniques 
may  generally  be  employed  when  highly  distorted  signaling  pulses  are  used:  coherent  detec- 
tion, energy  detection,  and  differentially  coherent  detection.  In  the  energy  detection 
approach,  the  allocated  bandwidth  is  conceived  divided  Into  frequency  bands  equal  to  he 
bandwidth  of  the  received  pulse  Wq,  and  time  Is  divided  into  Intervals  of  duration  Tq. 
However,  it  Is  clear  that  to  avoid  intersymbol  interference  with  continuous  transmission, 
constraints  must  be  applied  on  the  use  of  frequency  slots  for  successive  transmitted  pulses. 
With  due  attention  to  this  constraint,  one  may  employ  M'ary  FSK  or  highei -order  alphabets 
with  time- frequency  patterns  of  pulses. 

Figure  9 illustrates  the  constraint  problem  with  a simple  example.  It  is  assumed 
that  Ltot  “ T so  that  To  “ 2T.  With  a bandwidth  allocation  equal  to  4Wq,  a continuous 
transmission  in  a binary  FSK  energy  detection  format  is  possible,  as  shown.  The  Mark  and 
Space  frequency  bands  for  odd-numbered  transmitted  pulses  are  the  lower  two  frequency  bands 
of  the  four  in  the  allocated  bandwidth,  while  the  even-numbered  pulses  use  the  upper  two 
bands.  The  data  sequence  shown  is  MSS.  Note  that  the  data  rate  achieved  with  this  approach 
is  1/T  bits/sec  with  a bandwidth  occupancy  of  4Wq.  Assuming  Wq  - W,  this  is  a data  rate 
packing  of  1/4TW  bits/sec/Hz.  In  detection,  time  gates  of  duration  Tq  “ 2T  are  applied 
following  appropriate  bandpass  filters.*  Computation  of  the  energy  in  the  gated  waveform 
would  provide  the  decision  variables.  Thus,  for  the  first  pulse  in  Figure  9,  the  Mark 
Filter  time  gate  output  would  contain  slgnal-plus-noise 

*Any  pulse  stretching  caused  by  the  bandpass  filters  must  be  regarded  as  part  of  the  channel 
and  Included  in  Lt0t. 
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while  the  Space  Filter  output  would  contain  noise  alone. 


wg(t)  - ng(t) 


(27) 


An  error  would  occur  for  the  event 


J lr(t)  + r^/t)}2  dt  - J \ng|2  dt  < 0 


(28) 


Expanding  the  square  in  the  first  term,  this  inequality  becomes 


J*  \r ( t ) \ dt  + noise  terms  < 0 


(29) 


which  explicitly  oxhibits  the  signal  diversity.  Reference  [42]  examines  theoretically  the 
performance  of  an  energy  detection  FSK  modem  for  troposcatter  links. 


Provided  the  channel  Impulse  response  changes  slowly  enough,  one  may  also  use  a 
dif ferentially-coherent  modem  approach  with  highly  distorted  pulses.  The  available  band- 
width Is  still  divided  up  into  frequency  slots  as  described  above,  and  the  same  constraints 
exist  on  the  use  of  frequencies  on  successive  time  slots  to  avoid  intersymbol  Interference. 
However,  since  the  reference  pulse  for  the  differentially-coherent  detection  must  operate 
on  the  same  frequency,  the  described  constraints  on  use  of  frequencies  will  result  in  the 
reference  pulse  being  separated  one  or  more  time  slots  Instead  of  being  adjacent,  as  in  the 
case  of  slightly  distorted  pulses.  While  two  pulses  are  required  to  transmit  information 
Instead  of  one,  as  in  the  energy  detection  case,  one  may  impress  quaternary  or  higher-level 
DPSK  modulation  to  Increase  the  data  rate.  Also,  FSK  can  be  combined  with  the  DPSK  to  make 
better  use  of  the  available  bandwidth. 


Figure  10  Illustrates  a simple  format  The  received  pulse  duration  Tq  “ 2T  as  in 
Figure  9,  but  now  we  assume  half  the  available  bandwidth  «•  2Wq.  Even-numbered  data  pulses 
use  the  bottom  frequency  slot,  and  odd-numbered  pulses  use  the  upper  frequency  slot. 
Referring  to  Figure  10  and  the  odd-numbered  pulses,  we  note  that  received  pulse  1 must  act 
as  a phase  reference  for  received  pulse  3,  received  pulse  3 must  be  a phase  reference  for 
received  pulse  5,  etc.  An  analogous  procedure  applies  to  the  even-numbered  pulses.  If  we 
assume  quaternary  DPSK,  we  see  that  (neglecting  the  Initial  reference  pulses)  the  data  rate 
is  2/T  bits /sec  for  an  occupied  bandwidth  of  2Wq  “ 2W,  or  a data  rate  packing  of  1/TW 
bits/sec/Hz. 


In  detection,  received  pulses  are  extracted  as  in  the  energy  detection  case,  with 
a bandpass  filter  and  a time  gate.  Thus,  the  received  pulse  corresponding  to  transmitted 
pulse  1 would  take  the  form 


Wj(t)  - e lr(t)  + n1(t) 

while  that  received  due  to  pulse  3 would  take  the  form 
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where  n3(t)  and  n3(t)  are  independent  noises  and  and  y3  are  the  impressed  data  phase 
shifts.  For  quaternary  DPSK, 


J- 


J2  J2 


(32) 


The  detection  procedure  involves  the  computation  of  real  and  imaginary  parts  of  the  complex 
Integral 

(33) 


I3  • J w3w*(t)  dt 
To  illustrate,  suppose  that 
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and  error  would  occur  if 

Re  {J  Wj(t)w^(t)  dt}  < 0 


or 


Im  [J  Wj(t)wiJ(t)  dt}  < 0 


(35) 
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Since  the  noises  are  randomly  phased,  we  may  rewrite  the  Integral  (33)  in  the  form 
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J (r(t)  + n3(t))(r*(t)  + nf(t)]  dt 


- / — + J — \ f |r(t)  )2  dt  + noise  terms 
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which  explicitly  indicates  the  signal  diversity  effect. 


(37) 


We  turn  now  to  the  use  of  coherent  detection  methods  with  highly  distorted  pulses. 
These  methods  are  of  considerable  current  interest  for  troposcatter  links  and  several  of  the 
approaches  have  been  implemented.  The  coherent  detection  techniques  are  first  subdivided 
into  those  which  combat  Intersymbol  Interference  and  those  which  do  not.  We  consider  the 
latter  first. 

In  the  latter  case,  the  signal  formats  have  the  same  general  structure  as  for  energy 
detection  and  differentially-coherent  detection  since  the  latter  assumed  no  intersymbol 
Interference.  That  is  to  say,  the  available  bandwidth  is  assumed  divided  into  slots  of 
bandwidth  Wg  and  the  time  into  Intervals  of  duration  Tg.  The  main  task  here  is  the  estab- 
lishment of  a good  phase  reference  for  the  coherent  detection.  Two  types  of  techniques 
have  been  used: 


• Decision-directed  data  modulation  elimination 

• Pilot  or  sounding  signal  transmission. 

In  their  troposcatter  modem  DAR-IV  [55),  Raytheon  has  used  4-PSK  modulation.  A 
phase  reference  was  established  by  decision-directed  removal  of  the  4-PSK  modulation  from 
the  received  pulses,  followed  by  a recirculating  delay  line  which  averaged  over  enough 
pulses  to  produce  a reference  pulse  with  small  enough  noise  not  to  affect  error  rate  per- 
ceptibly by  comparison  to  the  noise  on  the  data  pulse.  Their  modem  was  not  operated  CW  to 
avoid  Intersymbol  Interference.  By  using  two  frequency  bands,  however,  in  exactly  the  same 
format  as  shown  in  Figure  10  for  the  DPSK  system,  CW  operation  of  the  power  amplifier  can 
be  used.  However,  separate  channel  measurements  would  be  required  for  each  frequency  band. 
It  is  important  to  note  that,  when  decision-directed  extraction  of  a phase  reference  is 
used,  a 90°  ambiguity  exists  at  the  receiver  which  can  be  resolved  by  a differential 
encoding  of  the  Input  bits  in  pairs.  A penalty  associated  with  differential  encoding  Is  a 
doubling  of  the  error  rate. 


Assuming  the  format  shown  in  Figure  10,  the  received  waveforms  have  the  same 
structure  as  in  (30)  and  (31),  but  now 
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since  the  recirculating  delay  line  extracts  the  pulse  r(t)  which  contains  the  phase  refer- 
ence. Assuming  ideal  extraction  of  r(t),  the  detection  procedure  involves  computation  of 
the  Real  and  Imaginary  parts  of  the  complex  integral 


I1  " J r*(t)w^ (t)  dt 

- eJ>1  J |r(t)\2  dt  + J y*(t)nt(t)  dt  (39) 

which,  as  in  the  previous  cases,  exhibits  the  signal  diversity.  The  Integral  (39)  is  iden- 
tical to  the  operation  of  the  ideal  "matched"  filter  received  providing  minimum  error  rate. 


For  the  discussed  signal  structure  (Figure  10),  we  have  a data  rate  packing  of  1/TW 
bits/sec/Hz.  While  we  have  illustrated  a simple  signal  structure,  it  should  be  clear  that 
more  general  structures  can  be  used  combining  FSK  and  PSK  in  addition  to  higher  alphabets 
with  time-frequency  patterns. 


We  turn  now  to  techniques  which  operate  in  the  presence  of  intersymbol  interference. 
In  these  systems,  the  maximum  data  rate  is  achieved  by  allowing  the  received  pulse  to  occupy 
the  full  bandwidth  and  using  at  least  4 PSK.  The  resulting  data  rate  packing  would  be  2/TW 
blts/sec/Hz,  assuming  Wg  *■  W as  in  the  other  cases . The  smaller  T is  in  relation  to  Ltot>  how- 
ever, the  higher  the  complexity  of  the  demodulator.  In  Figure  6 we  have  shown  these  tech- 
niques divided  into  three  classes:  adaptive  maximum  likelihood,  adaptive  equalizers,  and 
(adaptive)  hybrid  schemes,  combining  both  of  the  latter  two  approaches.  We  consider  first 
the  adaptive  maximum  likelihood  receiver,  which  for  additive  white  Gaussian  noise  provides 
minimum  error  probability  in  demodulating  data  sequences. 


A brief  theoretical  discussion  will  be  presented  first.  Assume,  temporarily,  that 
the  channel  is  known, so  that  to  each  possible  sequence  of  transmitted  data  zn(t)  there  is  a 
corresponding  known  received  pulse  train  w|1(tl.  The  actual  received  pulse  train  consists 
of  the  sum  of  signal  and  noise 


Assuming  equally  likely  transmitted  sequences  and  white  Gaussian  noise,  it  is  well 
known  that  the  receiver  operation  which  minimis, s the  probability  of  selecting  the  wrong 
sequence  of  data  as  having  been  transmitted  (also  called  the  maximum  likelihood  receiver) 
Involves  the  computation  of  the  "distances"  or  "metrics": 


for  all  p,  and  selection  of  zm(t)  as  having  been  transmitted  if  Mn,  < Mp,  for  all  p 4 m. 

Since  there  is  a one-to-one  correspondence  between  the  information  data  sequence  and  each 
modulated  signal  zm(t),  specification  of  zm(t)  is  equivalent  to  specifying  the  data  sequence 

Two  observations  are  in  order  here: 


• The  complexity  involved  in  direct  computation  of  the  distances  Mp 
grows  exponentially  with  the  length  of  the  data  sequence. 

• If  the  channel  is  time-variant,  it  must  be  continually  measured  so 
that  the  correspondence  between  zn(t)and  wn(t)  la  known  at  all  times. 

Forney  [56]  and  Kobayashl  [57]  have  shown  that,  in  the  case  of  a channel  describeble 
by  a finite  number  of  states,  the  complexity  of  the  optimum  receiver  operation  need  not  grow 
exponentially  with  the  length  of  the  data  sequence  if  use  is  made  of  the  Viterbi  algorithm 
[58].  This  algorithm  is  used  in  the  MLT-1,  a troposcatter  modem  built  by  CNR,  Inc.  [59],  [60]. 

As  discussed  above,  channel  measurements  may  be  obtained  either  by  use  of  the 
received  demodulated  data  signal  alone  in  a decision-directed  adaptive  filter  technique  or 
else  by  direct  use  of  a probing  signal.  In  the  MLT-1,  a special  probing  signal  is  Included 
in  the  transmitted  signal  structure  for  use  in  channel  measurements  and  bit  timing  extrac- 
tion at  the  receiver. 


To  gain  insight  as  to  the  reason  why  signal  diversity  is  achieved  with  the  use  of 
maximum  likelihood  demodulation,  one  notes  that  the  probability  of  bit  error  for  a minimum 
error  probability  receiver  is  closely  approximated  by  the  value  [56] 


where 


C is  a constant,  and  dg,^  is  the  complex  minimum  distance  berween  two  received  sequences 


Let  the  transmitted  signal  be  given  by 


where  a^  takes  on  a discrete  set  of  values  according  to  the  information  sequence,  and  s(t) 
is  the  transmitted  pulse  shape  of  duration  T.  As  above,  we  assume  a dispersive  channel  in 
which  the  transmission  of  s(t)  produces  the  received  pulse  r(t).  It  is  assumed  that  the 
channel  is  fading  slow  enough  that  this  received  pulse  shape  does  not  change  significantly 
over  the  time  interval  required  to  implement  a digital  decision.  With  these  definitions, 
the  minimum  distance  can  be  expressed  as 


where  1*^1  *•  the  of  transmitted  pulse  amplitudes  for  the  p'th  sequence 
is  the  set  for  the  q'th  sequence. 
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1 s called  the  error  sequence.  For  a given  channel  pulse  response  r(t),  there  will  be  a 
worst-case  error  sequence  which  produces  the  minimum  distance.  We  c’.-fine  the  spectrum  of 
the  error  sequence  E(f)  as  the  spectrum  of  the  error  Impulse  train  e(t). 


e(t)  - S ekfi(t  - kT)  (48) 

E(f)  - E ekeJ2,,fVr  (49) 

The  minimum  distance  can  be  expressed  in  the  frequency  domain  by  Parseval's  theorem 

dmin  ’ J !E(f)!2!s(f)l2\T(f,t0)|2  df  (50) 

where  S(f)  is  the  spectrum  of  the  transmitted  pulse  s(t),  and  T(f,to)  is  the  transfer  func- 
tion of  the  channel  (snapshot).  The  signal  diversity  is  evident  by  comparing  (50)  with  (20). 
In  the  case  where  the  minimum  distance  sequence  corresponds  to  pulse  trains  differing  only 
in  one  time  slot,  d,,^,,  becomes  directly  proportional  to  S in  (20).  As  a matter  of  fact, 
simulations  of  Mi.T-1  and  measured  performance  in  troposcatter  links  indicate  that  the  mini- 
mum distance  sequence  is  usually  of  this  form.  Thus,  a performance  close  to  that  of  the 

technique  described  above,  not  having  intersymbol  interference,  is  achieved.  However,  the 
data  rate  packing  is  twice  as  much  for  the  present  technique. 


An  alternate  technique  to  combat  intersymbol  interference  is  the  adaptive  equalizer, 
which  has  had  considerable  Interest  and  application  on  telephone  lines.  More  recently,  i 
has  been  applied  by  Sylvania  to  the  troposcatter  channel  [61],  and  some  years  ago  it  was 
applied  to  the  HF  channel  [62],  Instead  of  trying  to  minimize  the  error  rate,  the  adaptive 
equalizer  approach  attempts  to  minimize  the  mean-squared  error  between  the  received  decision 
variables  and  the  idealized  noise-free  decision  variables.  For  difficult  channels,  a "tail 
cancellation"  scheme  is  added  to  the  normal  equalizer  configuration  that  attempts  to  remove 
intersvmbol  Interference  due  to  past  decisions  by  assuming  the  latter  were  correct  and  using 
the  current  estimate  of  the  channel  impulse  response.  Systems  which  employ  this  cancella- 
tion scheme  are  called  decision  feedback  or  nonlinear  feedback  equalizers.  Theoretical 
analysis  of  the  performance  of  feedback  equalizers  on  slowly  fading  dispersive  channels  has 
been  carried  out  [63],  and  simulations  [64]  indicate  that  under  ideal  conditions  of  no  feed- 
back errors  and  perfect  adaptation,  the  equalizer  shows  a performance  close  to  that  of  the 
intersymbol  inter ference- free  case.  However,  there  is  no  simple  analytical  argument  demon- 
strating this  equivalence  as  for  the  other  systems  described. 


As  the  intersymbol  interference  expressed  in  units  of  transmitted  pulse  width 
increases,  the  complexity  of  the  minimum  error  probability  receiver  increases  exponentially 
while  the  adaptive  equalizer  receiver  complexity  only  increases  linearly.  For  this  reason, 
there  has  been  interest  [65]  in  combining  the  two  types  of  receivers  for  telephone  lines. 

The  equalizer  would  reduce  the  effective  impulse  response  duration  to  an  amount  that  could 
be  handled  without  undue  complexity  by  the  Viterbi  algorithm  portion  of  the  receiver. 
Apparently,  such  hybrid  systems  have  not  yet  been  applied  to  fading  dispersive  radio  channels. 

3. 5 Application  of  Error-Correction  Coding 

One  of  the  most  promising  new  areas  of  signal  design  for  fading  dispersive  channels 
of  all  types  and  radio  channels  in  particular  is  the  use  of  error-correction  coding.  Unfor- 
tunately, this  fact  appears  to  be  little  appreciated  by  system  designers.  In  this  concluding 
section  of  our  review,  we  will  provide  an  Intuitive  grasp  of  the  reasons  why  error-correction 
coding  can  provide  considerable  benefits.  Work  in  this  area  has  been  innovated  mainly  by 
David  Chase  [66]  — [73].  Reference  [69]  provides  a concise  summary  of  some  applications  of 
this  work. 


The  considerable  performance  improvements  possible  with  coding  may  be  traced  prim- 
arily to  the  high  orders  of  signal  diversity  achieved  with  no  loss  in  data  rate  beyond  the 
normal  redundancy  of  the  code,  e.g.,  rate-1/2.  The  signal  diversity  achieved  may  be  either 
of  two  types,  (in-band)  time  or  frequency  diversity  (or  both).  Normal  application  of  time 
or  frequency  diversity,  where  the  bandwidth  allocation  is  fixed,  results  in  a reduction  in 
data  rate  proportional  to  the  order  of  diversity  achieved.  Thus,  for  example,  to  achieve 
eighth-order  time  diversity  straightforwardly  involves  repeating  the  same  in format ' ->n  eight 
times  at  sufficiently  widely  separated  time  instants  that  Independent  fading  occurs.  In 
such  a case,  the  data  rate  is  reduced  by  a factor  of  eight.  With  a sufficiently  good  code 
and  decoding  procedure,  this  eighth-order  time  diversity  can  be  achieved  with  a data  rate 
reduction  of.  at  most.  1/2.  corresponding  to  use  of  a rate-1'2  code.  Even  smaller  rate 
reductions  are  possible.  In  an  entirely  dual  sense,  if  data  is  being  transmitted  by 
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parallel  frequency-division-multiplexed  subcarriers,  one  may  transmit  the  same  information 
on  eight  subcarriers  and  achieve  eighth-order  diversity  with  an  eightfold  reduction  In 
data  rate.  Or.  properly  using  error-correction  coding  across  the  subchannels,  eighth-order 
diversity  canbe  obtained  with  a data  rate  reduction  of.  at  most.  1/2. 

From  a system  design  point  of  view,  an  Important  byproduct  of  the  high  order  of 
signal  diversity  Is  that  Irreducible  error  probability  effects,  due  to  whatever  cause, 
become  virtually  eliminated  in  most  cases,  and  the  codem  (coder-decoder-modem)  produces  very 
robust  performance.  Selection  of  modems  or  other  system  elements  Is  then  on  the  basis  of 
preferring  best  uncoded  performance  at  higher  error  rates  than  usual.  This  can  significantly 
modify  an  overall  system  design.  Examples  of  such  Impact  are  suggested  by  Chase  in  [69] . 

To  quote: 

"Once  the  benefits  of  coding  are  under  consideration,  several  conven- 
tional communication  concepts  may  be  questioned.  For  the  HF  channel, 
operation  just  below  MUF  frequency  (low  multipath  case)  may  no  longer 
be  the  best  operating  frequency.  For  the  troposcatter  channel,  the 
conventional  use  of  quad  diversity  links  may  not  be  required  In  light 
of  the  possible  coding  performance  gains.  Similarly,  for  the  aerosat 
channel,  the  design  of  a narrow  beam  antenna  to  eliminate  the  (detri- 
mental) effects  of  scatter  energy  may  not  actually  be  required." 

One  point  should  be  raised.  The  use  of  this  coding  approach  to  achieve  time  diversity 
introduces  a time  delay  resulting  from  the  interleaving  of  code  bits.  Each  system  must  be 
examined  to  see  if  the  time  delay  is  tolerable.  However,  even  a small  amount  of  time  delay 
relative  to  the  fading  correlation  time  can  result  in  considerable  benefits  [60]. 

We  now  consider  briefly  the  intuitive  basis  for  the  large  signal  diversity  possible 
with  error-correction  coding.  Consider  a system  in  which  error-correction  coding  in 
time  is  employed  in  conjunction  with  a PSK  modem  that  uses  highly  distorted  pulses 
and  maximum  likelihood  decoding.  For  simplicity,  we  assume  binary  PSK.  Interleaving 
of  code  bits  is  employed  to  provide  as  much  independence  of  fading  on  these  bits  as  possible. 

As  in  (45),  the  transmitted  waveform  for  the  q'th  data  sequence  [a^q^]  takes  the  form 

z(q)(t)  ■ Sa*q)s(t-kT)  (51) 

The  corresponding  received  waveform  is  given  by 

wq(t)  - E <4q)rk(t  -kT)  (52) 

where 

*k(t)  - J »(t  - Og(wr,e)  d$ 

- J S(f)T(f,kT)eJ2lrft  dt  (53) 

is  the  received  pulse  shape  corresponding  to  the  k'th  transmitted  pulse  shape.  We  have 
assumed  that  the  channel  changes  little  over  a received  pulse  duration  and  replaced  the 
impulse  response  and  transfer  function  by  snapshots.  Assuming  code  bits  far  enough  apart 

in  time,  rk(t)  will  be  independent  of  r^t)  if  a/q^  and  ajq^  are  connected  with  different 
code  bits.  4 


As  discussed  previously,  the  error  rate  is  controlled  by  the  minimum  distance  (44) 
as  used  in  (42).  To  find  the  minimum  distance,  we  can  make  all  code  blocks  have  the  same 
code,  except  for  one  code  block.  Then,  using  (52)  in  (44), 


min 

p,q 

(over  a codeword) 


JMS  [a^p)  - a^q)]rk(t-kT) l2  dt 


(54) 


Coding  places  a lower  bound  on  the  number  of  places  in  which  two  codewords  a^p^  and  akq^ 
can  differ.  If  the  codewords  differ  in  at  least  d places,  then  there  will  be  at  least  d 

places  in  (54)  where  a5p^  - akq^  differs  from  zero.  Noting  that  pulses  corresponding  to 
code  bits  will  be  separated  In  time  due  to  the  interleaving,  we  see  that  (54)  becomes 


“min 


4 E 
(d  terms) 


J |rk(t)’ 


dt 


k selected  from  c.  places  in 
which  codewords  differ 


(55) 


Equation  (55)  is  exactly  the  form  that  the  optimum  matched  filter  receiver  would  have  for 
distorted  pulses  if  d'th-order  time  diversity  were  used.  Note  that  the  term  J |rk(t)  I*  dt 
supplies  signal  diversity  also  from  the  frequency  selectivity  of  the  channel,  as  discussed 
in  the  preceding  section. 
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It  hax  been  Implicit  In  the  above  discussion  that  optimum  maximum  likelihood  decod- 
ing of  the  block  codex  wax  employed.  In  the  paxt,  xuch  decoding  hax  been  of  acadwntc  lnter- 
eat  because  of  the  lmpoaalble  complexity  Involved.  However,  It  hax  been  one  of  the  major 
achievement  a of  Chaxe  |71|  that  he  hax  developed  practical  xoft  decoding  algortthmx  (t.e., 
decoding  procedurex  using  decision  variable  Information)  which  come  dose  to  maximum  like- 
lihood decoding.  Hard  decoding  may  also  be  used,  but  the  diversity  benefits  are  less  | 7 l| . 

In  closing  this  section  we  present  some  theoretical  error  rate  curves  In  Figure  11 
to  Illustrate  the  benefits  of  error-correction  coding.  Error  rate  Is  plotted  versus  total 
SNK*  for  maximal  ratio  predetection  combining  of  1’SK  with  diversity  ranging  up  to  eighth 
order  for  an  assumed  flat  fading  channel.  The  error  rate  Is  also  shown  for  an  Interleaved 
(24,12)  Colay  code  (minimum  distance  8)  with  conventional  hard  decoding  applied  to  a single 
channel  (i.e.,  nondiversity  operation).  With  bard  decoding,  the  performance  has  the 
asymptotic  slope  of  the  error  rate  vs.  SNK  which  Is  the  same  as  the  fourth-order  diversity 
curve. 


Also  shown  Is  the  soft  decoding  performance  for  the  (24,1.’)  code  using  nondlversttv 
operation.  The  decoding  technique  Is  one  developed  by  Chase  171,  Algorithm  2| . Note  that 
the  iTi'-Hto vmancc  of  this  error-correction  coding  arrangement  with  nondlvotglty  operat  Ion  Is 
superior  to  eighth-order  diversity  operation  without  coding.  It  Is  also  less  than  a dB 
worse  than  the  error  rate  on  a nonfadtng  channel.  Finally,  a curve  la  also  presented  of  the 
(24,12)  code  with  channel  measurement  decoding  over  the  nonfading  channel.  This  Is  the  limit- 
ing performance  that  would  be  achieved  If  the  soft  decision  (24,12)  coder-decoder  were  used 
In  conjunction  with  enough  In-band  frequency  diversity  and  space  diversity. 

CNK  has  Implemented  the  (24,12)  code  with  hard  decision  decoding  (M)|  to  work  with 
their  Ml.T-1  tropoxcatter  digital  modem.  Future  work  for  Rome  Air  Development  Center  will 
Involve  Implementing  soft  decision  decoding. 

3.h  It  whs  Neglected 

Unfortunately,  time  limitations  prevent  this  review  from  covering  all  of  the  topics 
of  Interest  to  signal  processing  In  scatter  communications.  A complete  list  would  Include 
the  following  items: 

• Techniques  employing  feedback  links 

• Interaction  of  transmitter  nonltncarlt lex  with  signal  design  to 
minimise  bandwidth  occupancy 

• Preamble  design  techniques  for  signal  detection,  Doppler  acquisi- 
tion, and  frame  sync  acquisition 

• Tracking  techniques  for  frame  sync  and  Doppler  acquisition 

• Techniques  to  counter  noise  disturbances 

• Spread  spectrum  systems 

• Modem  tradeoffs  due  to  constraints  Implied  by  the  existing 
Inventory  of  radios. 

Perhaps  these  topics  will  be  covered  elsewhere  In  this  conference. 


(K^/N^)^.^!  corresponds  to  energv-per-bl t over  noise  power  density  for  all  diversity 

channels.  It  Is  also  the  total  signal  power  to  noise  power  In  a bandwidth  equal  to  the 
bit  rate. 
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Table  1 


Some  Values  of  Multipath  and  Doppler  Spread  for  Several  Fading 
Dispersive  Radio  Channels 


Comments  and  References 


[2]  - [9].  Does  not  Include  trans- 
auroral  paths  for  which  Doppler 
spread  chn  increase  by  a factor 
of  10  [5J.  BL  “ 10'^  applies  to 
a single  ray  path. 


[10]  -[20).  UHF-C-Band,  antenna 
sizes  for  tactical  and  strategic 
links . 


[13],  [21]  -[26],  Aircraft  speed 
380  knots,  10-km  altitude,  eleva- 
tion angle  to  satellite  10°  - 30°, 
omni  antenna,  1.6  GHz. 


[27]  - [35].  60  mph  vehicle, 

450  MHz,  New  York  probably  worst 
case . 


[36], [37],  At  the  start  of  the 
ionization  trail,  the  multipath 
and  Doppler  spreads  take  the  low 
values,  and  with  time  the  spreads 
Increase  to  the  large  values. 
Values  cover  first  ten  seconds  of 
trail. 


Channe 1 

Multipath  Spread 

L 

Doppler  Spread 

B 

HE 

0. 1 - 5.0  ms 

0.1  - 2.0  Hz 

Troposcatter 

0.1  -0.5  gs 

0.1  - 20.0  Hz 

Surface 
Scatter 
with  LOS 

10.0  - 50.0  gs 

250  - 400  Hz 

Urban 

Mobile 

up  to  5.0  gs 

70  Hz 

Meteor  Burst 

0.1  - 10.0  gs 

0.1  - 10.0  Hz 

RECEIVED  CARRIER  POWER  OR  ATTENUATION  VS. 
FREQUENCY  "SNAPSHOT" 
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Figure  1 Illustration  of  Flat  and  Selective  Fading  In  Time  or  Frequency 
Domain 
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Figure  2 Irreducible  Error  Probability  of  Phase-Continuous  FSK  in  the  Presence 
of  Multipath  and  Fast  Fading  (No  additive  noise  and  nondiversity 
operation;  Gaussian  shaped  delay  and  Doppler  power  spectra) 


Figure  6 Categorization  of  Modem  Techniques  Useful  for  Increased  Bandwidth 
Utilization  of  Dispersive  Radio  Channels  with  Constant  Envelope 
Constraint  on  Radiated  Power 
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Figure  10  Illustration  of  a Signal  Format  for  PPSK  whan  Highly  Distorted  Pulses 
Are  Used 
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Figure  11  Comparison  of  Che  Interleaved  (24,12)  Golay  Code  with  Binary  and  Channel 
Measurement  Decoding  to  the  Performance  Possible  by  Predetection  Maximal 
Ratio  Combining  (PSK  Modulation) 
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MAXIMUM  USABLE  BANDWIDTH  AND  FREQUENCY  DIVERSITY  IN  TROPOSCATTER  COMMUNICATION 

by 

R.  Valentin 

Forschungsinstitut,  Fernmeldetechnisches  Zentralamt  Darmstadt,  Germany 


ABSTRACT 

Measurements  concerning  the  maximum  usable  bandwidth  as  well  as  the  frequency  distance 
necessary  for  frequency  diversity  were  performed  on  a 420-km  tropospheric  scatter  path. 
A carrier  frequency  of  1.89  GHz  and  two  side  bands  with  variable  frequency  spacing  up 
to  A MHz  were  transmitted. 


The  received  scatter-mode  signals  referring  to  the  three  different  frequencies  were 
correlated  by  means  of  an  electronic  correlator.  Thus  it  was  possible  to  obtain  the 
frequency  correlation  function,  which  determines  the  maximum  usable  bandwidth  and  the 
frequency  diversity  spacing. 


An  analytic  expression  of  the  form 

? ( ^ f) 


V6 


\ 

r ( . 


was  fitted  to  the  experimental  results,  where  N^g  ( ) is  the  correlation 

function  introduced  into  the  scatter  theory  by  Norton  and^  defined  for  an  arbitrary 
index  y by 

\ 1-y 

A f 

*f 


Ky  is  the  modified  Bessel  function  of  the  order  V . is  called  frequency  correlation 

width.  It  is  dependent  on  the  vertical  correlation  length  12  of  the  dielectric  constant 
of  the  air  in  the  common  volume.  The  best  agreement  with  the  experimental  results  was 
obtained  with  a value  of  lz  of  9 m. 

1 . INTRODUCTION 

In  the  frequency  range  of  1 to  10  GHz  the  operation  of  radio  relay  links  far  beyond 
the  horizon  depends  mainly  on  the  scattering  of  electromagnetic  energy  by  the  tro- 
posphere of  the  earth.  The  troposcatter  is  due  to  inhomogeneitiet.  .n  the  dielectric 
constant  of  the  air.  The  multipath  propagation  which  is  characteristic  of  the  scatter 
mechanism  results  in  statistical  varlatlonsof  the  received  radio  field  strength  in 
space  and  time.  Therefore  the  fade-out  will  rarely  occur  simultaneously  if  two  re- 
ceiving antennas  are  spaced  at  a certain  distance.  If  two  frequencies  are  transmitted 
and  received  by  one  receiving  antenna,  the  fade-out  of  the  signals  referring  to  the 
two  frequencies  will  also  rarely  happen  simultaneously:  the  fading  is  frequency 
selective.  This  limits  the  bandwidth  of  a radio  channel.  The  frequency  correlation 
function  is  a measure  of  the  unstable  bandwidth  of  a fading  radio  channel.  It  also 
gives  an  indication  how  far  apart  inband  frequency  diversity  channels  must  be  spaced 
to  obtain  substantial  diversity  gain. 

The  two  problems  of  finding  the  correlation  of  the  field  strength  for  two  different 
receiving  antennas  spaced  at  a certain  distance  and  the  correlation  for  two  different 
frequencies  received  with  the  same  antenna  are  closely  related  to  each  other. 

This  paper  is  an  enlargement  of  a former  publication  by  Fehlhaber  and  Grosskopf 
dealing  with  the  spatial  structure  of  the  scetter  mode  signal  and  the  spatial  correla- 
tion / 1 /.  It  is  possible  to  obtain  the  frequency  correlation  from  the  spatial  corre- 
lation on  certain  assumptions.  Some  qualitative  conclusions  about  the  extent  of  selec- 
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tive  fading  can  already  be  drawn  from  the  fact  that  multipath  propagation  is  a charac- 
teristic of  scatter.  The  greater  the  path  differences  due  to  the  form  and  size  of  the 
common  scatter  volume  are.  the  smaller  will  be  the  correlation  of  two  signals  at  a 
fixed  frequency  separation. 

That  means:  The  fading  at  two  different  frequencies  is  the  less  correlated 

a)  the  larger  the  main  lobes  of  the  antennas  (the  smaller  the  diameter  D) 

b)  the  larger  the  distance  d between  transmitter  and  receiver  at  a fixed 
scatter  angle  9 . 

c)  the  larger  the  scatter  angle  at  a fixed  distance  d . 

One  can  therefore  expect,  that  the  fading  at  two  different  frequencies  is  the  less 
correlated  the  larger  the  value  of 


That  means  that  also  the  maximum  usable  bandwidth  increases  if  the  value  of 


9 . d 


increases. 


More  precise  results  for  the  frequency  correlation  should  be  given,  now. 


2.  THE  FREQUENCY  CORRELATION  FUNCTION 

The  similarity  of  the  fading  at  two  different  frequencies  is  expressed  by  the  frequency 
correlation  function  ( A f). 

The  general  expression  for  the  correlation  function  in  the  frequency  domain  is  obtained 
from  the  fundamental  expression  for  the  scattered  field  E (k)  resulting  from  the  inte- 
gral of  elementary  scattering  elements  / 1 /: 


- A I 


ikR 
e P 


where 


is  the  wave  number  of  the  scattered  field. 


Then  the  non-normalized  correlation  function  is 

« 

?c(  A k)  = Eg  (k)  • Eg  (k  ♦ A k)  (2) 

The  correlation  of  two  fade  signals  at  a frequency  separation  A f is  closely  related 
to  the  correlation  of  two  signals  received  at  two  different  antennas  spaced  at  a vertical 
distance  ^ / 2 /:  In  a range  of  frequency  separations  in  which  the  inequality 

AJ_  « o.8  -2^-  (3) 

f A.  • d 

holds,  the  frequency  separation  A f is  equivalent  to  a vertical  antenna  displacement 


where  D = antenna  diameter 
X = wave  length 

d = distance  transmitter-receiver 
f = frequency 
8 * scatter  angle. 

p 

The  quantity  D / A is  the  limit  of  the  nearfield  of  the  antenna.  The  ratio  of  the 
frequency  difference  A f to  the  frequency  f must  therefore  be  much  smaller  than  the 
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ratio  of  the  nearfield  to  the  distance.  Since  Xr /?.  is  low  for  small  antennas,  the  above 
equivalence  theorem  holds  only  for  a narrow  range  of  frequency  spaclngs. 

The  spatial  correlation  function  for  small  antennas  was  derived  in  / 1 / and  is  given 
by 

j>c  <?>  - « 


with 


2 1 


V6  l — \ 

(5) 

\ * / 

z* 

(5a) 

For  large  antennas  it  is  given  by 


Pc  <r> 


exp 


with 


(6) 


0.8  D 


(6a) 


^5/6  *s  corre^a^^on  function  introduced  into  the  scatter  theory  by  Norton  and 
defined  for  an  arbitrary  index  v by 

- 2'-v  ftT 


N. 


r(v) 


ti 
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where  Kr  is  the  modified  Bessel  function  of  the  order  V (Fig.  2). 

Lz  is  the  vertical  correlation  length  of  the  received  signal,  which  is  given  for  small 
antennas  by  the  vertical  correlation  length  lz  of  the  dielectric  constant  of  the  air 
in  the  common  scatter  volume,  and  for  large  antennas  by  the  antenna  diameter.  Using 
the  equivalence  theorem,  the  frequency  correlation  function  is  then  for  small  antennas 


given  by 

-Pc 

( A f)  = n5/6 

(4£-> 
6-  f 

(8) 

with 

6" 

f 

e . d 

(8a) 

and  for  large  antennas  by 

r 

/ 

Pc 

(A  f)  = exp  | — 

Af  1 
—f)\ 

(9) 

with 

fff 

1.6  D f 

0 d 

. 

(9a) 

The  parameter  6 ^ is  called  the  frequency  correlation  width.  An  interpolation  formula 
for  fii'j.,  which  in  the  limit  cases  of  small  and  large  antennas  goes  over  into  formulas 
(8a)  and  (9a)  is 

f = 0»8_f  V^D)*  + (5  lz)2  . (10) 

1 0 d 2 

As  can  be  seen  from  (10)  an  antenna  is  to  be  considered  small  if 

D « 2.5  1, 
z 

and  large  if 

2.5  lz. 

If  the  analytic  expressions  (8)  or  (9)  hold,  the  frequency  correlation  function  is 
fully  characterized  by  the  frequency  correlation  width  0'f.  As  only  is  needed,  the  '■ 
condition  (3)  can  alternatively  expressed  by 

« 


1 


•: 


J 


The  equivalence  theorem  can  therefore  be  applied  to  small  antennas  only  If  the  scatter 
angle  9 is  sufficiently  large. 

For  large  antennas 


9 » j X/  D . (13) 

The  right  member  of  this  Inequality  is  approximately  equal  to  half  the  antenna  aperture 
angle 

S“A  - 0,36  • X/D  (14) 

The  Inequality  thus  requires  that  the  scatter  angle  6 la  much  greater  than  & 

This  condition  is  practically  always  satisfied  In  the  case  of  large  antennas. 

The  correlation  function  given  by  (9)  and  (9a)  agrees  with  that  derived  by  S.O.  Rice 
/ 3 /.  The  only  difference  is  that  the  value  of  calculated  according  to  (9a)  Is 
higher  by  the  factor  1.4  than  Rice's  value.  In  his  deviation  Rice  had  assumed  that 
the  correlation  length  lz  of  the  dielectric  constant  of  the  air  in  the  common  volume 
Is  much  smaller  than  the  wavelength.  This  corresponds  precisely  to  our  case  of  large 
antennas  as  we  have  then  practically  always  D»2.3  lj. 

3.  PATH  DESCRIPTION  AND  INSTRUMENTATION 

The  path  over  which  measurements  were  made  runs  from  Hamburg  to  a place  near  Darmstadt. 
The  distance  la  about  410  km,  and  a path  profile  for  k - 4/3  is  shown  In  Fig.  1. 

A 9-m-parabollc.  reflector  antenna  was  used  at  the  transmitting  station  so  that  the  half 
value  of  the  antenna  beamwldth  $*A  given  by 

- 0.36  — Is 

A D 

- 9.9  m rad  . 

The  receiving  antenna  had  a diameter  of  D • 4.3  m,  which  results  In  a half  beamwldth  of 

■S'n  - 19.0  m rad  . 

In  a good  approximation  the  height  of  the  transmitting  and  receiving  antennas  can  be 
assumed  to  be  zero  eo  that  the  scatter  angle  f*0  Is  obtained  from 


The  transmitting  and  receiving  antennas  had  an  elevation  angle  of  about  xero  degree. 

The  transmitter  operated  at  1.09  OH*  and  had  an  output  power  of  i kW.  Frequency  modu- 
lation was  provided  up  to  ? MHx,  and  the  modulation  Index  was  chosen  In  such  a way 
that  the  next  two  side  lines  of  the  transmitted  spectrum  differed  from  the  main  line  at 
1.09  OH*  In  amplitude  by  no  more  than  6 dB.  The  receiving  lnstrvunentatlon  operated 
simultaneously  at  the  three  different  frequencies  having  the  same  logarithmic  charac- 
teristic. The  signal  strength  received  at  the  three  frequencies  was  recorded  by  a 
multichannel  magnetic  tope  recorder.  The  magnetic  tapes  were  then  processed  with  a 
BIOMAC  correlator.  The  averaging  time  for  measurements  of  the  correlation  function  must 
be  chosen  to  include  many  rapid  fades.  Therefore,  the  correlation  was  determined  from 
2-mlnute  intervals  of  a tape  recording. 


I 
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4.  EXPERIMENTAL  RESULTS 

The  cross-correlation  and  the  auto-correlation  were  evaluated.  Care  was  taken  to  avoid 
reflections  from  aircrafts.  It  was  also  noticed  that  under  high-pressure  weather  condi- 
tions, the  kind  of  fading  changed  (the  fade  rate  decreased  markedly),  which  seemed  to 
be  due  to  a change  from  scattering  to  partial  reflection  from  finite  layers.  For  compar- 
ison with  the  theoretical  expressions  of  the  frequency  correlation,  the  results  obtained 
in  this  weather  period  were  also  neglected.  The  measured  cross  correlation  between  the 
signals  referring  to  two  different  frequencies  and  the  auto-correlation  were  used  to 
determine  the  normalized  amplitude  cross  correlation  coefficients 

This  amplitude  correlation  refers  to  the  output  voltage  of  the  receiver  which  has  a 
logarithmic  characteristic.  Important  to  the  scatter  mechanism,  however,  is  the  rf  corre- 
lation. It  is  therefore  necessary  to  calculate  the  rf  correlation  coefficient  from  the 
measured  amplitude  correlation  coefficient.  For  the  case  of  Rayleigh  distributed  fading 
(pure  scatter  propagation)  the  problem  is  solved  / 4 /. 

The  amplitude  correlation  of  20  lg  U is  related  to  the  rf  correlation  by 

2n 

¥ (20  lg  u)  ■ jf?  ^ , IT-  05) 

n « 1 

This  dependence  is  plotted  in  Fig.  3.  With  the  aid  of  the  nomogram  the  rf  cross  corre- 
lation coefficient  was  determined  for  frequency  spacings  of  0.5,  1,  1.5,  2,  3 and  4 MHz. 
The  measurements  were  performed  over  a period  of  about  half  a year.  Only  the  events 
with  real  Rayleigh  distributed  fading  were  taken  into  account.  This  was  checked  by 
plotting  the  auto-correlation  of  the  fading  signal.  The  analytical  expression  for  the 
auto-correlation  function  of  Rayleigh-distributed  fading 


f (?) 


* (-£-) 


(16) 


was  fitted  to  the  measured  auto-correlation  function.  Events  with  ? in  the  range  of 
0.1  s * T?  - Is  were  taken  for  further  evaluation.  The  median  value  together  with  the 
standard  deviation  of  the  rf  cross  correlation  coefficient  are  plotted  in  Fig.  4. 

It  is  possible  to  fit  the  cross-correlation  function  discussed  in  chapter  2 to  the 
experimental  results.  Although  the  inequality  (3)  is  not  quite  fulfilled  in  our  case, 
the  analytic  expression  (8)  is  a fairly  good  approximation,  if  the  value  of  the  vertical 
correlation  length  of  lz  ■ 9 m was  chosen.  The  correlation  function  for  lz  = 9 m is  also 
plotted  in  Figure  4. 

Assuming  lz  « 9 m the  frequency  correlation  width  6^.  can  be  calculated  from  equation 
(10)  as  a function  of  the  distance  d and  the  antenna  diameter  D . This  was  done  for 
3 different  frequencies.  The  scatter  angle  8 included  in  (10)  was  obtained  in  the 
following  assumptions: 

a)  between  transmitter  and  receiver  the  earth  has  a smooth  spherical  surface, 

b)  the  transmitter  and  receiver  heights  are  so  low  that  they  can  practically  be 
assumed  to  be  zero, 

c)  the  antenna  axos  point  towards  the  horizon. 


One  these  assumptions  we  have 


d 


♦ 0.56  A./D 


(17) 


Here  krE  - 8500  km  is  the  Equivalent  radius  of  the  earth  (k  ■ ^ , r£  = 6375  km). 

The  results  are  shown  in  Figs.  5,  6 and  7. 

The  transmissible  bandwidth 

The  frequency  correlation  width  ^ indicates  how  strongly  the  correlation  runs  towards 
zero  with  Increasing  A f.  The  usable  bandwidth  B is  directly  proportional  to  O'  f: 


(10) 
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B - (\'ff 

The  numerical  value  of  (X  la  determined  by  the  requirements  made  on  the  reception 
quality  and  can  therefore  not  be  calculated  or  measured  from  the  propagation  point 
of  view. 

The  relation  and  the  figures  show  that  f'  f and  thus  B are  almost  proportional  to 
the  frequency  f . If  consequently  a wide  band  Is  to  be  transmitted  at  given  distance 
and  antenna  size  one  should  choose  the  operating  frequency  ns  high  as  possible. 


Frequency  diversity 

With  space  diversity  the  diversity  separation  A la  that  antenna  spacing  at  which 
the  correlation  of  the  amplitudes  has  decreased  to  1/e  - 0.37.  The  Le  given  In  (3) 
and  (6)  are  the  correlation  lengths  of  the  rf  voltage  variations. 

This  necessitates  first  a conversion  to  amplitudes.  From  / 1 / follows 

A - 0.67  L?. 

The  equivalence  theorem  thus  supplies  the  frequency  diversity  separation  A ^ 

Af  . 0.67  Ff  (19) 


or  with  (7) 


* ; V 

f 'V?  d/  il01 


To  be  safe  It  Is  advisable  here  to  take  Instead  of  the  mean  or  median  value  of  ls 
the  value  lz01  exceeded  In  IK  of  the  time. 
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background  work  on  t hr  behaviour  of  angle  diversity  in  the  tropoaeat t er  mode  is  briefly  reviewed, 
together  with  some  Important  applications.  Kavourable  predictions  of  angle  diversity  behaviour,  based 
on  established  theory  and  limit -nl  expert mental  validation,  have  encouraged  confirmatory  trials  on  an 
established  oversea  troposcatter  link  temporarily  adapted  for  angle  diversity  working. 

Trials  at  the  It.K,  terminal  involved  simultaneous  comparison  between  a reference  dual  (angle/space^ 
diversity  system  and  optimised  angle  diversity  systems  involving  firstly  horizontally  splayed  beams  and 
latterly  vertically  splayed  beams.  The  horisontally  offset  system  yielded  channel  cross-correlations 
and  post-oomblnsr  relative  efficiencies  well  in  keeping  with  theoretical  prediction,  while  the  vertically 
offset  system  performed  significantly  better  than  predicted. 

1.  INTRODUCTION 

The  idea  of  using  angle  diversity  in  troposcatter  systems  is  by  no  means  new.  (See  CHISHOLM,  J.H. 
et  al.«  1959,  SDRF.N1AN,  P.,  19b5  and  TRAVIS,  G.W.,  19bP.)  Ever  since  troposcatter  circuits  began  to  be 
engineered,  it  has  beer  well  known  that  diversity  reception  is  essential  to  combat  the  deep  and  rapid 
Rayleigh  fading  inherent  in  this  propagation  mode . Formally,  uncorrelated  channels  may  be  obtained  by 
duplicating  frequencies,  by  use  of  spaced  paths,  by  consecutive  transmission  giving  time  diversity  and  by 
using  different  angles  of  arrival,  i.e,  angle  diversity.  Hie  earlier  links  usually  employed  space/ 
frequency  diversity  stnoe  this  system,  with  two  an tennas  at  each  terminal,  then  represented  the  best 
compromise  between  the  cost  of  antennas  and  equipment  complexity.  Latterly  quadruple  space  diversity 
has  been  implemented  by  the  polarization  separation  of  paths.  Tills  is  usually,  but  not  quite  accurately, 
termed  space  polarization  diversity.  Time  diversity  hss  never  found  favour,  due  largely  to  the  long 
(approx.  1 second)  tins'  delays  Involved  in  transmission.  More  recently,  as  pressure  on  the  radio 
spectrum  has  Inert assd,  alternative  configurations  have  been  explored,  angle  diversity  included.  The 
latter  offers  the  considerable  attraction  of  requiring,  under  certain  conditions,  only  one  antenna  at  each 
terminal  of  a long-haul  link  where  the  at tennas  are  of  course  very  costly.  However  with  angle  diversity 
it  is  inherently  impossible  for  all  of  a group  of  diversity  beams  to  have  optimum  signal  alignment.  The 
equipment  and  cost  advantages  of  angle  diversity  have  therefore  to  be  paid  for  with  a small  system  loss  in 
decibels.  It  is  therefore  of  prime  importance  to  ensure  the  best  trade-off  for  each  particular  link,  and 
the  resulting  system  lots. 

A good  foundation  for  the  necessary  trade-off  computations  has  been  laid  by  theoretical  work 
(KOONO,  T.,  HlKAl,  M.  et  si.,  19b-’),  which  is  well  supported  by  beam-swinging  and  other  tests.  This  work 
has  been  built  upon  (GOUGH,  M.W.,  19A').  in  order  to  establish  diversity  design  implications  for  some 
typical  cases,  and  was  followed  by  experiments  (GOIV.H , M.W.  and  RIPER,  G.O.,  197*>)  to  validate  some  of 
t he  predicted  features.  In  particular,  cross-correlation  and  squint  loss  measurements  on  angularly 
separated  beams  - data  not  previously  available  - agreed  encouragingly  with  predictions.  At  that  juncture 
two  important  phases  of  the  angle  diversity  work  were  still  outstanding.  A tost  was  needed  on  an  opera- 
tional troposcatter  link,  and  the  design  principles  already  explored  (GOl'GH,  M.W.,  197f)  needed  embodiment 
in  a composite  computer  program  ao  that  an  optimum  diversity  configuration  could  be  readily  determined 
for  specific  links.  The  work  on  the  first  of  these  topics  is  described  in  this  paper. 

1’.  HATH  GFX’MFTRY  AND  I'YLTFM  PKTAU,S 


. 1 . In  t rod  tic  t or y 


The  purpose  of  the  trials  to  be  described  was  to  test  the  behaviour  of  two  optimised  dual  angle 
diversity  systems  against  a reference  dual  diversity  system  of  known  performance . Facilities  for  these 
trials  were  obtained  by  adapting  an  existing  troposcatter  terminal  linking  the  I’.k.  with  Germany.  The 
link  involved  a conventional  FM/fPM  multi-channel  telephony  system.  The  relevant  topographical  and 
Instrumental  parameters  are  listed  below. 

Path  length  1S2  km. 

Scatter  Angle  1.41°  » ?4.5  mllllrad. 

Operating  Frequenc i es , 2 GHz  hand . 

Frequency  fivers i ty  separation,  4-  MHz. 

t'lverstty  System  before  modification,  -Quadruple  Spare/Frequency, 

Piverslty  Systems  after  modification,  Dual  Space/Frequency  and  Dual  Angle. 

flam,  of  Hill  board  Antennas,  \;i.  t m. 

Antenna  Spacing  between  centres,  ?l.t  m. 

Antenna  Plane-wave  Peamwidth  at  half-power  points,  approx.  0.P*  (applicable  to  splayed  angle 
diversity  beams  as  well  as  to  unmodified  antenna  beams). 

Polarization  received  at  the  II. k.  terminal,  vertical. 


General  Description 


Fig.  1 shows  the  system  as  installed.  For  the  purpose  of  the  angle  diversity  trials,  which  were 
confined  to  the  U.K.  terminal,  the  Installation  there  was  modified  according  to  Fig,  2, while  the  Germany 
terminal  was  unaltered.  The  conventional  diplexer  feed-horn  at  the  North  antenna  at  the  U.K.  terminal 
was  replaced  by  twin  feed-horns,  giving  a pair  of  splayed  beams  for  angle  diversity  reception  as  detailed 
in  Section  2.5.  The  transmitter  on  frequency  fj,  which  normally  feeds  the  North  antenna,  was  disconnected. 
The  South  antenna  was  unmodified,  and  Involved  a reference  dual  space/frequency  diversity  system  againBt 
which  the  dual  angle  diversity  system  of  the  North  antenna  could  be  compared.  The  reference  system  had 
the  diversity  benefit  of  the  differing  frequencies  fp  and  fj  added  to  that  due  to  the  spacing  of  the 
distant  transmitting  antennas  In  Germany  (Fig.  l).  The  arrangement  subsequently  proved  to  be  an  excellent 
dual  diversity  reference  In  that  It  gave  a measured  cross-correlation  between  diversity  branches  indis- 
tinguishable from  zero  (Section  6.2.3).  The  transmitter  feeding  the  South  antenna  at  a frequency  was 
retained  for  communicating  with  the  Germany  terminal. 

To  avoid  contamination  by  frequency  diversity,  the  angle  diversity  system  operated  on  frequency  fp 
only  and  the  receiver  Rj  was  not  used.  This  necessitated  using  receivers  Rp  and  Rj  in  the  two  angle- 
llverslty  branches,  which  entailed  Bharlng  Rj  between  the  reference  and  angle-diversity  systems.  This 
time-sharing  was  controlled  by  the  coaxial  switch  Sp,  which  switched  reeoiver  R,  from  one  antenna  to  the 
other  at  2-minute  Intervals  (Fig.  2),  The  reference  diversity  system  thus  used  receivers  Rj  and  R^ , and 
the  angle  diversity  system  receivers  Rj  and  Rp.  Synchronously  with  the  operation  of  switch  Sp,  the 
switch  Sj  connected  alternately  the  baseband  outputs  of  the  angle  and  reference  diversity  systems  to  a 
maximal-ratio  combiner.  All  switching  operations  were  controlled  by  a Test  Control  Unit. 

The  object  of  the  trials  at  the  U.K.  site  was  to  compare  dual  angle  diversity  behaviour  with  refer- 
enda diversity  behaviour  both  before  and  after  maximal-ratio  diversity  combining.  To  monitor  pre-combiner 
behaviour,  a d.c.  control  voltage  available  from  each  receiver  provided  analogue  signals  operating  a chart 
reconier  with  two  servo-pen  drives  and  alternative  chart  speeds  of  5 and  20  mm/minute.  Recorder  Indica- 
tion was  approximately  linear  with  receiver  carrier  level  (dBm)  over  a 40  dB  range.  Regular  calibrations 
were  made. 

The  carrier  levels  generated  in  the  respective  dual-diversity  branches  could  be  simultaneously 
tape-recorded  together  with  speech.  The  resulting  calibrated  and  annotated  tapes  were  subsequently 
sampled  at  a 2o/second  rate  for  the  purpose  of  digitizing  and  transferring  the  data  to  a magnetic  disc 
store.  Statistical  signal  analysis  was  aided  by  a key-board  operated  computer  graphics  display.  The 
carrier  levels  were  also  applied  to  a Data  Logger,  where  they  were  digitized  to  provide  one-minute- me an 
levels  who:’ e values  were  punched  on  paper  tape. 

• 

To  investigate  post— combiner  behaviour,  a Noise  Analyzer  proceeded  by  a Noise  Receiver  was  used 
for  measuring  base-band  output  thermal  noise  power  on  a minute-mean  basis.  This  output  was  quantized 
at.  2 dB  intervals  and  punched  on  tape.  The  equipment  was  periodically  calibrated  with  the  aid  of  a noise 
generator  at  the  Germany  transmitter.  The  system  served  to  Indicate  changes  in  Basic  Noise  Power  Ratio, 
and  thereby  assess  the  relative  post-combiner  performance  of  the  angle  diversity  systems.  It  also  provided 
timing  pulses  at  minute  intervals  for  operating  the  switches  Sp  and  Sj  via  the  Test  Control  Unit  (Fig.  2). 

2.5.  Description  and  Properties  of  Angle  Diversity  Feed-horns 

For  the  present  trials  two  feed-horn  assemblies  were  designed  to  provide  alternative  pairs  of 
receiving  beams  splayed  respectively  horizontally  and  vertically.  Their  optimized  design  followed  the 
application  of  classical  scatter  theory  to  angle-diversity  behaviour  (K00N0,  T.,  HIRA1 , M.  et  al.,1962). 

As  developed,  (GOUGH,  M.W.,  1970  ) it  involves  dimensioning  contiguous  rectangular  feed-horns  for  the  best 
compromise  between  t- 

(a)  Squint  Losses  due  to  beam  divergences  from  the  conventional  optimum  direction  of  shoot, 

(b)  Impairment  of  diversity  efficiency  due  to  finite  cross-correlation  arising  from  the  over- 
lapping skirts  of  the  splayed  beams  and  from  unwanted  coupling  between  feed-horns, 

(e)  Antenna  spillover  loss  due  to  reducing  a feed  dimension  below  the  conventional  optimum  in 
the  interests  of  controlling  (a)  and  (b). 

Due  to  the  behaviour  of  (c),  the  optimum  feed  dimensions  and  overall  system  efficiency  are  some- 
what affected  by  the  plane  of  offsetting  of  the  splayed  beams  relative  to  the  plane  of  polarization  of 
the  received  signal. 

The  respective  feed-horn  assemblies,  constructed  respectively  for  horizontally  and  vertically  offset 
beams,  were  designed  for  the  frequency  fp  and  the  path  geometry  of  Fig.  4.  From  the  aspect  of  optimizing 
efficiency  with  sole  regard  to  the  foregoing  factors  (a),  (b)  and  (c),  the  constituent  feed-horns  should 
always  touch.  However,  specialist  advice  dictated  the  insertion  of  an  8 mm  gap  between  feed-horns  in  the 
vertically  offset  case,  to  reduce  coupling  between  the  feeds.  This  involved  a small  loss  in  theoretical 
efficiency.  No  gap  was  deemed  necessary  in  the  horizontally  offset  case.  The  laboratory-measured  cross- 
coupling  between  adjacent  feed-horns  in  the  operating  band  amounted  to  21  dB  and  3D  dB  respectively  for 
the  horizontally  offset  and  vertically  offset  assemblies.  These  unwanted  couplings  slightly  Impaired 
diversity  efficiency  by  a calculable  amount,  (GOUGH,  M.W.,  and  RIDRR,  G.C.,  197*')  by  adding  to  the  tropo- 
sphere-induced cross-correlation  between  the  fading  diversity  signals.  The  basic  feed-horn  dimensions 
adopted  for  the  two  planes  of  offsetting  during  the  present  trials  are  sketched  in  Fig.  3« 

Fig.  4 showing  the  path  geometry  defines  the  theoretical  limits  of  the  splayed  receiving  beams  with 
vertical  offsetting,  as  defined  by  their  half-power  points  aid,  in  the  ease  of  the  lower  beam,  by  a sky- 
line cut-off  adjusted  theoretically  to  equalize  the  median  levels  from  the  respective  beams.  The  hatched 
areas  indicate  the  separated  common  scattering  volumes  generated  by  the  intersection  of  the  conventional 
transmitted  beam  with  the  two  receiving  beams. 
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The  RF  switching  arrangement  u (Fig.  2)  introduced  small  imbalances  in  tlw  feeder  losses  associated 
with  the  receivers.  fries*  losses  were  measured  so  that  a true  comparison  could  be  made  between  diversity 
systems  by  comparing  signals  at  the  antenna  terminals.  A combination  of  preliminary  measurements  of 
losses  in  constituent  lengths  of  waveguide  and  coaxial  cable,  followed  by  v.s.w.r.  measurements  on  the 
assembled  transmission  lines  s» or t-circui ted  at  the  far  end,  led  to  the  "best  estimates"  of  the  feeder 
losses  listed  in  Table  1. 

4.  rKKLlKlNAhY  ANTKNNA  AllHUbmKNTS 

4.1.  Hot  iron tal  Offsetting 

before  starting  th«  first  phase  of  the  trials  the  horirontally  offset  feed-horn  assembly^ Fig, 3(a) ) 
was  mounted  on  a panning  frame  near  the  focus  of  the  North  antenna.  Twin  coaxial  tails  allowed  flexible 

connections  to  the  fixed  waveguides  used  in  the  conventional  systen.  After  checking  the  elevation  of 
the  horirontally  splAyed  beams  the  twin- feed  assembly  was  panned  horirontally  in  2S  mm  steps,  with  the  aim 
of  equalising  as  closely  as  possible  the  median  signal  levels  from  the  two  feeds.  Tills  was  done  by 
simultaneously  recording  the  two  Rayleigh- fading  signals  for  about  2 minutes  at  each  position,  so  as  to 
compare  their  short- term  median  levels.  Allowance  was  made  for  the  measured  0.^  .IF  difference  in  the 
respective  feeder  losses  (Table  l).  The  observed  rate  of  increase  of  median  signal  difference  between 
the  two  feeds  amounted  to  about  2 dB  per  cm  shift  of  the  feed-home,  testifying  to  the  critical  nature  of 
the  hori rental  panning.  This  agrees  well  with  theoretical  expectation  (KOONO,  T,,  H1KA1,  M.  ut  al.#  1962). 

4.2*  Vertical  Offsetting 

For  the  second  phase  of  the  trials  the  vertically  offset  feed-horn  assembly  (Fig.  3(b))  was 
installed  in  place  of  the  horizontal  one  (Section  4*1^*  Vertical  panning  in  Is  nun  steps  gave  median 
signal  differences  approximAt ing  to  the  theoretical  trend  *,  but  showing  four  anomalous  turning  points  and 
throe  balance  points  in  the  critical  region  (Fig.  s).  Judged  by  its  repeatability  the  effect  seemed 
genuine,  and  probably  resulted  from  the  generation  of  subsidiary  common  scattering  volumes  by  specular  s»  . 
reflection.  The  effect  is  very  evident  on  the  left  of  Fig.  % where  in  violation  of  the  theoretical 
model,  sea  reflection  contributes  substantial  energy  from  the  over-dipped  lower  beam.  The  feed-horns 
finally  were  set  at  the  most  stable  of  the  balance  points  as  indicated  by  the  arrow  on  Fig.  s, 

3.  MANAuFMF.NT  OF  TRIALS 


After  completing  initial  modifications  and  alignments  (Sections  2,  3 and  4),  the  diversity  trials 
were  pursued  intermittently  for  nearly  3 weeks.  Most  of  the  available  time  was  devoted  to  the  "verti- 
cally offset"  angle  diversity  mode,  as  theory  had  predicted  better  performance  with  this  mode  than  with 
horizontal  offsetting.  friere  was  the  further  interest  in  discovering  how  the  "vertically  offset"  perform- 
ance would  be  affected  by  atmospheric  layering  involving  significant  deptu tures  from  the  theoretical  model. 
During  the  trials  the  data  logger,  analogue  re 0 order  and  noise  analyzer  (Section  2)  were  generally  working 
continuously,  apart  from  routine  breaks  for  calibrations.  However  the  diversity  signal  tape  recordings, 
on  which  the  accurate  assessment  of  diversity  performance  mainly  depended,  comprised  Intermittent  20-minute 
measurement  spells. 

6.  FRb)-OOMFl  NF1\  VKKWKMAN2K 

6.1.  Introductory 

The  pre-combiner  characteristics  of  the  Reference  Diversity  System  and  the  Angle  Diversity  System 
(vertically  and  horizontally  offset  varieties)  were  derived  from  computer-aided  analysis  of  detailed 
magnetic  tape  records  and  from  analysis  of  punched  tape  output  from  the  data  logger. 

To  make  a fair  comparison  between  the  time-shared  angle  and  reference  diversity  systems,  the  compe- 
ting systems  were  measured  alternately  in  2-minute  spells,  with  C.*>  sec.  of  lost  time  during  each  switch- 
over by  the  Test  Control  Unit  (Fig.  2).  The  latter  also  impressed  one-minute  time  markers  on  the  magnetic 
tape  records,  the  analogue  recorder  and  the  data  logger. 

The  results  of  the  magtape  and  data  logger  records,  embracing  pre-combiner  performance,  are  dis- 
cussed In  Sections  6.2  and  6.3. 

6.2.  Magnet io  Tape  Analysis 

The  magtape  data,  available  in  20-minute  spel Is, served  to  evaluatet- 

(a)  The  degree  of  inequality  between  the  two  branches  of  each  diversity  system, 

(b)  The  pre-combiner  performance  of  each  angle  diversity  system  relative  to  the  reference  system, 
assessed  on  a median  slgttAl  basis, 

(c)  The  eross-correlat ton  between  the  constituent  branches  of  each  diversity  system. 

These  tnree  aspects  will  be  considered  in  turn. 

6.2.1.  Diversity  Branch  Inequalities 


The  degree  of  equality  maintained  between  the  median  levels  from  the  respective  branches  of  each 
diversity  system  was  derived  from  minute-mean  received  levels  (dPw)  extracted  from  the  stored  magtape  data. 


* Hie  marked  asymmetry  of  the  eoretical  curve  about  the  balance  point  results  mainly  from  the  Assumption 
of  progressive  skyline  out-01 . of  the  lover  beam  as  the  twin  beams  are  progressively  dipped.  Scatter  angle 
dependence  gives  further  asymmetry. 
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Calling  the  Branch  Imbalance  the  difference  (dB)  between  minute-mean  levele  from  the  two  branches  during  a , 

given  minute.  Table  II  lists  the  means  of  the  Branch  Imbalances  (algebraic  sign  disregarded)  for  all  tape- 

recorded  minutes  in  the  periods  specified,  Branoh  equality  was  satisfactory  on  all  systems  during  the 

first  two  teat  periods,  but  rather  large  Imbalances  on  both  vertically  offset  and  reference  systems 

persisted  throughout  the  final  teat  period  despite  repeated  calibrations. 

The  final  teat  period  was  marked  by  a large  drop  in  all  signal  levels,  associated  with  the  end  of  a 
spell  of  anti-cyclonic  weather  that  had  persisted  throughout  the  earlier  tests.  Consequent  changes  in 
atmospheric  stratification  - assumed  horizontal  - could  well  have  disturbed  the  balance  of  the  vertically 
of fset  system  (see  Section  4.2),  but  not  that  of  the  reference  frequency/space  system.  The  reference 
system  imbalance  during  the  final  test  period  remains  unexplained, 

6.2.2.  Comparative  Pre-oombiner  Median  Signal  Performance 

A comparison  between  the  angle  and  reference  diversity  systems  on  a median  signal  basis  was  a 
crucial  element  of  the  trials,  because  it  evaluated  the  joint  squint  and  spillover  losses  (Section  2.5) 
which  are  inherent  features  of  angle  diversity  systems. 

Each  angle  diversity  system  was  initially  adjusted  to  give  equal  median  signal  levels  in  its  two 
branches  (see  Seetion  4).  However  to  cater  for  the  significant  branch  imbalances  which  subsequently 
developed  in  all  the  diversity  systems  (Section  6.2.1),  the  pre-combiner  performance  of  each  diversity 
system  was  based  on  the  average  of  the  median  levels  from  the  constituent  diversity  branches  during  each 
20-minute  magtape  spell.  Fig.  6 plots  these  branch  average  levels  for  the  reference  and  angle  diversity 
syotema  for  all  magtape  spells.  During  the  early  periods  the  angle  diversity  branch  averages  generally 
fell  short  of  their  reference  counterparts.  However  in  the  final  (low  signal  level)  period,  vertically 
offset  angls  diversity  substantially  surpassed  the  reference  system.  This  reversal  of  roles  is  discussed 
below. 

The  pre-combli.er  median  efficiency  of  each  angle  diversity  system  is  usefully  expressed  as  the 
shortfall  (dB)  of  its  branoh  average  level  on  that  of  the  reference  system,  i.e,  the  interval  between  the 
traces  on  Fig.  6.  Expressing  a shortfall  as  a negative  efficiency.  Table  III  lists  the  median  efficien- 
cies measured  during  each  magtape  spell.  For  comparison  with  the  period-mean  efficiencies  also  tabulated, 
the  table  includes  theoretical  pre-oombiner  efficiencies  evaluated  as  the  sum  of  the  antenna  spillover 
losses  and  the  antenna  beam  squint  losses  prevailing  under  average  atmospheric  conditions. 

The  measured  angle  diversity  efficiencies  emerge  Systematically,  and  in  the  last  period  substan- 
tially, better  than  theoretical  expectation.  Even  after  allowing  ♦ 2 dB  for  sampling  and  other  experi- 
mental errors,  vertically  offset  angle  diversity  showed  a substantial  advantage  over  the  reference  system 
under  low  signal  conditions.  During  this  phase  the  upper  tingle  diversity  beam  collected  more  signal  than 
the  lover,  and  it  also  suxpassed  the  stronger  of  the  reference  diversity  branches  by  typically  5 dB. 

These  effects  are  explainable  in  terms  of  Fig.  7,  where  the  upper  angle  diversity  beam  collects  a bonus 
signal  from  an  Intensified  scattering  region  (or  a weak  inversion  layer)  to  the  exclusion  of  the  weaker 
common  scattering  volume  pertaining  to  the  lower  angle  diversity  beam  or  to  a conventional  troposcatter 
configuration. 

More  generally,  it  seems  likely  that  the  twin  beams  of  a vertically  offset  angle  diversity  system, 
by  straddling  a large  height  interval  in  an  erratically  stratified  atmosphere,  will  jointly  in  the  long 
term  capture  more  power  - whatever  the  vertical  disposition  of  the  scatterers  - than  is  obtainable  via 
the  vertically  restricted  beams  of  conventional  systems. 

6.2.3.  Cross-oorrelation  between  Diversity  Branches 


The  degree  of  short-term  croes-oorrelation  between  Rayleigh-fading  diversity  branches  governs  the 
diversity  advantage  gained  from  maximal  ratio  combining  of  the  respective  signals.  At  the  outset  of  the 
trials  a computer  analysis  (Section  2.2)  was  performed  on  short  runs  of  tape-recorded  signal  records  to 
verify  that  short-term  amplitude  distributions  closely  followed  the  Rayleigh  law.  Successive  one  and  two- 
minute  runs  on  reference  and  angle  diversity  branches  (including  the  upper  beam  of  the  vertically  offset 
system)  all  gave  satisfactory  Rayleigh  distributions  down  to  the  0.1%  fade  level  during  low  and  high 
signal  periods.  The  median  auto-correlation  time  was  0,5  seconds,  in  good  agreement  with  other  tropo- 
soatter  observations  in  the  2 GHz  band  which  show  fading  rates  of  1-2  positive  median  crossings  per  sec. 

After  transfer  to  the  disc  store  for  computer  analysis,  each  20-minute  magtape  recording  yielded  a 
series  of  cross-correlations  derived  from  one-minute  test  spells,  namely  10  cross-correlations  from  the 
reference  diversity  system  interleaved  with  10  from  the  angle  diversity  system.  Hie  recorded  post- 
detection  cross-correlations  were  measured  via  an  approximately  logarithmic  amplifier  to  cope  with  a wide 
signal  level  range.  Such  correlations  have  been  shown  (GOUGH,  M.W,  and  RIDER,  G.C.,  1975)  to  be  signifi- 
cantly smaller  than  the  envelope  correlations  that  would  have  been  measured  via  a linear  amplifier.  In 
Table  IV  the  logari thmically  measured  cross-correlations,  Pj,  for  the  angle  diversity  systems  have  been 
transformed  to  their  linear  envelope-correlation  equivalents,  Pg,  for  direct  comparison  with  theory  based 
on  average  atmospheric  conditions.  The  theoretical  cross-correlations  (last  column)  were  computed 
(K00N0,  T.,  HIRAI,  M.  et  al.,  1962)  with  allowance  for  the  impairment  (increase)  in  Pg  due  to  the  measured 
feed-horn  cross-coupling  noted  in  Section  2,3. 

The  Reference  System  cross-correlations  listed  in  Table  IV  give  mean  values  of  virtually  zero  for 
all  test  periods,  thus  endorsing  the  system  as  a good  dual  diversity  criterion.  Horizontally  offset 
angle  diversity  gives  a mean  envelope  correlation  in  precise  agreement  with  theory,  while  vertically 
offset  diversity  gives  lower  (i.e.  better)  values  of  Pg  than  predicted  for  both  high  and  low  signal 
periods.  ThiB  betterment  of  theory  with  vertically  splayed  beams  parallels  previous  troposcatter  obser- 
vations in  the  2 GHz  band  with  the  25  m steerable  antenna  at  Chilbolton,  U.K.  (GOUGH,  M.W.  and  RIDER,  G.C., 
1975).  The  reduoed  correlation  compared  with  theory  is  thought  to  reflect  the  often  erratic  variation  of 
scattering  efficiency  with  height  (see  Fig.  7),  as  against  the  exponentially  declining  scattering  parameter 
assumed  in  the  theory. 
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Fig.  8 shows  histograms  of  0g  for  the  three  test  periods,  based  on  all  the  one-minute  correlation 
samples  from  the  magtapes  corrected  for  logarithmic  amplification.  The  arrowed  measured  medians  are 
slightly  below  the  measured  means  of  Table  V due  to  some  skewness  In  the  distributions.  The  indicated 
dispersion  results  partly  from  sampling  errors  stemming  from  a one-minute  measuring  interval,  and  partly 
from  lack  of  statistical  statlonarity  of  the  scatterers  within  the  common  volumes  of  the  beams. 

6.5.  Data  Logger  Measurements 

The  data  logger,  connected  in  parallel  with  the  magtape  recorder,  gave  punched-tape  outputs  of 
minute-mean  signal  levels  (dBw)  from  the  diversity  system  being  measured.  In  all,  55  data  logger  hours 
were  secured.  Though  statistically  more  significant  than  the  magtape  data  due  to  the  longer  sampling 
time,  the  data  logger  measurements  were  lnetrumentally  less  accurate  because  the  daily  calibrations  had  to 
be  applied  to  minute-mean  levels  rather  than  to  the  near- instantaneous  levels  rapidly  sampled  during  the 
magtape  processing  (Section  2.2). 

6.5.1.  Pre-combiner  Relative  Efficiencies 

A oheok  was  made  on  the  data  logger's  evaluation  of  pre-combiner  relative  efficiencies  as  analysed 
for  the  magtape  data  of  Section  6.2.2.  The  branch-average  levels  * for  the  reference  and  angle  diversity 
systems  were  evaluated  for  each  minute.  Hourly  medians  of  these  quantities  for  the  compared  systems  were 
then  differenced  to  give  a representative  angle  diversity  relative  efficiency  for  each  data-logger  hour. 
Finally  these  hourly  efficiencies  were  averaged  to  give  the  period  means  listed  in  Table  V. 

For  comparison  purposes,  Table  V repeats  the  period-mean  efficiencies  (listed  in  Table  III)  that 
were  derived  during  comparable  test  periods  from  the  lnetrumentally  more  accurate  magtape  data.  Due  in 
part  perhaps  to  the  relatively  short  sampling  time,  the  data  logger  appears  to  have  exaggerated  the 
efficiency  of  horisontally  offset  diversity,  but  for  the  vertically  offset  tests  the  data  logger  and  mag- 
tape figures  agree  within  0.5  dB. 

The  data  logger  measurements  unequivocally  endorse  the  basic  conclusion  from  the  magtape  analysis, 
namely  the  striking  improvement  of  measured  on  predicted  vertically  offset  diversity  efficiency  under 
low-signal  conditions,  to  a degree  that  gives  this  system  a very  significant  ascendancy  over  the  reference 
system. 

6.5.2.  Cross-correlation  between  Minute-mean  bignal  Levels 

Troposcatter  link  performance  is  usually  estimated  on  the  conservative  assumption  that  the  consti- 
tuent diversity  branches  are  completely  correlated  on  a minute-mean  or  longei^term  basis.  This  implies 
that  relatively  slow  mean-level  variations  in  the  diversity  branches  keep  in  step  and  hence  give  no 
diversity  advantage.  However  recent  observations  (MONSEN,  P.,  1972,  GOUGH,  M.V.  and  RIDER,  G.C.,  1975) 
have  revealed  some  degree  of  long-term  decorrelation  between  vertically  splayed  beams.  This  effect  was 
pursued  further  in  the  present  trials. 

Table  VI  lists  cross-correlations  evaluated  between  pairs  of  minute-mean  signal  levels  from  the 
data  logger  during  an  aggregate  test  period  of  about  54  hours.  The  test  spells  varied  from  about  one  to 
four  hours.  The  following  broad  conclusions  can  be  drawn  concerning  the  behaviour  of  the  angle  and  re  Ter- 
ence diversity  systems  as  regards  cross-correlation  between  minute-mean  signal  levels  in  their  respective 
branches  t— 

(1)  Under  high-signal  conditions  all  systems  showed  consistently  high  cross-correlations,  thus 
endorsing  the  current  practice  of  treating  long-term  variations  as  completely  correlated  in 
their  constituent  diversity  branches. 

(2)  The  onset  of  low-signal  conditions  sometimes  reduced  the  minute-mean  correlations  in  the 
frequency/spaoe  diversity  system,  but  not  enough  to  justify  waiving  the  rule  in  (l)  above. 

(5)  Low-signal  conditions  spasmodically  reduced  the  minute-mean  branch  correlations  in  the  verti- 
cally offset  angle  diversity  system,  sometimes  very  significantly. 

The  beneficial  minute-mean  signal  decorrelations  intermittently  observed  under  condition  (5)  may  be 
explained  by  postulating  that  gross  differences  occasionally  occurred  in  the  scatter  patterns  included  in 
the  respective  common  volumes  (Fig.  4)  associated  with  vertically  splayed  narrow  receiving  beams.  The 
six  days  of  low-signal  data  are  insufficient  to  quantify  the  long-term  benefits  from  this  effect,  but  it 
is  expected  that  it  will  significantly  improve  system  efficiency  during  the  "worst  month",  when  improve- 
ment is  of  course  most  needed.  The  decorrelation  benefit  may  be  reinforced  moreover  by  the  pre-combiner 
efficiency  bonus  discussed  in  Section  6.2.2.  in  connection  with  vertically  offset  angle  systems.  Both 
benefits  in  fact  accrue  from  the  atmospheric  model  sketched  in  Fig.  7* 

7.  POST  COMBINER  FEKTORMANCE 

7.1.  Introductory 

A Noise  Analyser  and  Noise  Receiver  (Fig.  2 and  Section  2.2)  measured  base-band  output  thermal 
noise  power  so  as  to  assess,  on  a minute-mean  basis,  the  post-combiner  performance  of  each  angle  diversity 
system  relative  to  the  reference  (frequency/space)  system.  Noise  power  in  a 4 kHs  bandwidth  in  each 
diversity  system  was  sampled  15  times  per  hour,  with  a change-over  every  2 minutes  as  for  the  previously 
described  tests.  82  valid  hours  of  test  were  obtained. 

» As  with  the  magtape  measurements,  the  imbalances  between  the  respective  diversity  branches  (both  refer- 
ence and  angle  diversity)  significantly  increased  during  the  final  test  period. 
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7.2.  Halativs  Pout— combiner  Efficiencies 

Hourly  median  values  of  the  sampled  minute-mean  noise  power  ratios  (dB)  from  each  angle  diversity 
system  were  compared  hour- for- hour  with  their  reference  system  counterparts.  The  difference  (du)  repre- 
sents the  angle  diversity  system  overall  relative  efficiency  for  each  hour.  Table  VII  lists  the  mean  of 
these  hourly  efficiencies  and  their  standard  deviation,  for  the  three  test  periods  shown.  The  last 
column  gives  the  theoretical  median  efficiencies  for  the  optimised  angle  diversity  systems.  The  latter 
are  based  on  maximal-ratio  dual- diversity  combining,  average  atmospheric  conditions,  and  Rayleigh  fading 
with  brand)  correlations  based  on  the  tropospheric  ooupllng  between  the  overlapping  skirts  of  the  beams 
modified  by  the  Initially  measured  feed-horn  oross-ooupling  (Section  2. }). 

With  horizontal  offsetting  the  measured  mean  post-combiner  efficiency  is  well  In  keeping  with 
theory,  while  vertical  offsetting  betters  theory  slightly.  Under  low-signal  conditions  vertical  offsetting 
exceeds  prediction  by  more  than  4 dB,  confirming  the  trend  exhibited  by  the  pre— combiner  measurements 
(Section  6). 

Statistical  significance  tests  were  applied  to  the  measured  mean  efficiencies  of  Table  VII  to  gain 
assuranoe  that  the  differences  between  them  were  unlikely  to  have  arisen  by  chanoe.  The  tests  showed  thati- 

(1)  The  difference  between  the  mean  efficiency  with  horizontal  offsetting  and  that  with  vertical 
offsetting  is  very  significant  under  the  high-signal  conditions  experienced  during  the  test. 

(2)  The  difference  between  "vertically  offset"  mean  efficiencies  under  respectively  high  and  low- 
signal  conditions  is  highly  significant,  substantially  surpassing  the  significance  of  test  (l). 

Hence  there  is  good  assurance  that  the  observed  differences  in  mean  efficiency,  stem  (a)  from 
changes  in  the  direction  of  beam  offsetting  and  (b)  from  substantial  changes  in  mean  signal  level  in  the 
case  of  vertical  offsetting. 

8.  EXTENSION  TO  EXTREME  PERCENTAGE  LEVELS  ANT  QUADRUPLE  DIVERSITY 

Our  trials  of  system  behaviour  were  limited  to  assessing  dual  diversity  performance  at  around  the 
median  level.  While  the  results  are  very  promising  they  do  not  indicate  directly  the  relative  angle 
diversity  performance  achieved  for  large  time  percentages,  e.g.  99.9%.  This  can  nevertheless  be  deduced 
from  the  measured  mean  post-combiner  efficiencies  (Table  VIl)  in  conjunction  with  the  measured  mean  crvss- 
correlations  (Table  IV). 

rroposcatter  systems  generally  require  quadruple  diversity,  and  the  foregoing  test  data  are  best 
applied,  not  to  our  experimental  dual  diversity  reference  system  but  rather  to  realisable  quadruple 
diversity  systems  constructed  from  it.  These  oould  usefully  take  the  form  of  2 angle/2  frequency  systems 
involving  at  each  terminal  a single  billboard  antenna  with  twin  angle-diversity  feed-horns.  A polarized 
ffc  ting  (ANDERSON,  E.W.,  1973),  which  is  transparent  or  reflecting  according  to  the  wave  polarization, 
permits  two-way  cross- polarized  transmissions  with  independent  adjustment  of  the  transmit  beams  and  the 
angle-diversity  reoeive  beams  (RIDER,  G.C.  and  GOUGH,  >i.W.,  1973).  In  this  way  the  angle  diversity  system 
can  be  optimised  without  compromising  the  transmit  beam  alignment. 

In  our  conjectured  2 angle/2  frequency  systems,  equal  median  levels  lire  assumed  in  all  branches. 

The  frequency-separated  branches  are  independent  and  the  angle-separated  b-anohes  are  taken  to  be  correlated 
according  to  measured  mean  values  of  Og  listed  in  Table  IV.  System  performance  is  compared  with  an  ideal- 
ised reference  system  comprising  four  equal  and  independent  diversity  branches. 

Using  representative  results  from  the  foregoing  dual  diversity  trials.  Table  VIII  illustrates  the 
step- by— step  derivation  of  the  relative  efficiencies  expected  from  the  postulated  2 angle/2  frequency 
systems  at  the  99.9%  level.  To  ensure  a conservative  appraisal,  the  table  excludes  the  use  of  the  very 

favourable  data  for  the  final  test  period  12.  9.72  - 17.  9.72.  To  clarify  the  process,  the  diversity  loss 
referred  to  is  the  amount  (dB)  by  which  the  post-ccmblner  performance  of  a partially  correlated  diversity 
system  departs,  at  a specified  time  percentage,  from  that  of  the  appropriate  reference  system  due  to  finite 
correlation  between  diversity  branches.  Steps  (d)  and  (f)  in  the  table  are  based  on  the  principle  that 
the  overall  efficiency  of  angle  diversity  systems  at  a given  time  percentage  is  the  sum  of  the  diversity 
loss  at  that  time  percentage  and  the  aggregated  squint  and  spillover  losses. 

The  final  columns  of  Table  VIII  show  how  the  efficiencies  of  the  conjectural  angle  diversity  systems 
founded  on  data  from  the  present  trials  compare  at  the  99.9%  level  with  theoretical  expectation.  Within 
the  expected  limits  of  uncertainty,  the  horizontally  offset  system  conforms  well  to  theory,  while  the  verti- 
cally offset  system  betters  theory  by  a significant  1.5  dB  even  when  the  very  favourable  performance  during 
the  final  test  period  has  been  excluded.  Concerning  the  intrinsic  efficiencies,  it  may  be  noted  that  the 
"horizontal  offset"  figures  for  the  99.9%  level  (lines  (f)  and  (g)^are  degraded  by  about  0.7  dB  due  to  the 
rather  poor  isolation  of  21  dB  between  the  feed-borne  (Section  2.3).  Attention  to  feed-horn  design  would 
probably  recover  at  least  half  of  this  deficit. 

9.  BROAD  INFERENCES  FROM  THE  TRIAT.S 

The  performance  of  two  optimised  dual-angle  diversity  systems  has  been  weighed  against  a reference 
frequency/space  system  in  several  ways.  While  the  pre-combiner  (magtape)  measurements  of  Table  111  inter- 
pret angle  diversity  performance  rather  more  favourably  than  do  the  noise  analyzer  measurements  of 
Table  VII,  the  two  groups  of  data  have  consistently  established  that  t- 

(1)  Horizontally  and  vertically  offset  systems  adequately  followed  theory  under  high-signal 
conditions  .thus  endorsing  theoretical  expectation  that  vertical  offsetting  is  the  better 

system. 

(2)  Under  low-signal  conditions  (with  which  horizontal  offsetting  was  not  involved)  the  vertically 
offset  system  not  only  substantially  bettered  theory  but  also  surpassed  the  reference  system. 


The  above  findings  require  qualification  in  the  light  of  the  need  for  oroesed  polar  1 r.atl  one  in  a 
two-way  link.  The  preeent  trials  wore  reatrioted  to  vertloal  polarisation,  and  it  1h  eutlmatod  thai , had 
horiaontal  polarisation  been  available,  It  would  have  impaired  our  vertical  of  feel  performance  at  the  99»9K> 
level  (Table  Vlll,  line  (f)  ) by  about  0,5  dB  •,  while  Improving  horiaontal  offHet  performance  by  a like 
amount,  Thle  effeot  illustrates  the  principle  that  angle  diversity  systems  perform  best  with  the  polar- 
isation which  is  aligned  with  the  direction  of  offsetting.  While  this  influence  narrows  the  effloienoy 
disparity  between  horiaontal  and  vertical  offsetting  when  applied  to  2-way  transmissions,  we  believe  that 
the  advantage  remains  unambiguously  with  the  vertically  offset  system,  having  regard  (a)  to  the  notable 
enhancements  on  the  reference  system's  signal  level,  (b)  to  the  reduoed  short-term  branch  correlations  and 
(o)  to  ti  e intermittently  reduoed  longei^term  branoh  correlations. 

Disregarding  here  any  assessment  of  respective  hardware  losses  and  considering  purely  the  evidence 
of  the  foregoing  trials,  it  appears  that  a 2 angle/2  frequency  Byatem  using  a single  antenna  per  terminal 
would  compete  well  (at  least  under  oritlcal  low-Blgual  conditions)  with  the  frequenoy/spaoe  system  from 
which  it  was  temporarily  adapted. 
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* Baaed  on  the  assumption  of  re-optlmlv.ed  feed-horn  dimensions  to  suit  hovlrontal  polarisation. 
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jma 


Reference  Diversity 
(Dual  Frequenoy/Spaoe) 


Total  Branch  Loss 
Estimated  Tolerance,  dB 


Feeder  Hun 
serving  H 


5.8  dB 

0.5  " 


Feeder  Run 
serving  H 


4.1  dB 

0.5  " 


4.1  dB 

0.5  " 


5.2  dB 

0.5  " 


BEST  ESTIMATES  OF  FEEDER  LOSSES 


Number  of 
2(Viainute 
Magtape  runs 


Mean  of  Branch  Imbalances,  dB 


Reference 
Diversity  System 


Period 


50.  8.72  - 1.  9.72 

7.  9.72  - 8.  9.72 

15.  9.72  - 16.  9.72 


Notei  The  Imbalances  relate  to  the  lev  Is  at  the  feed-horns 
TABLE  II  DIVERSITY  BRAN  i’ll  IMBALANCES  FROM  MAGTAPE  DATA 


Pre-combiner 

Median 

Efficiency,  dB 


Angle  Diversity 
System 


Horizontally  Offset 
Angle  Diversity. 
Signal  levels  high. 

Vertically  Offset 
Angle  Diversity. 
Signal  levels  high. 

Vertically  Offset 
Angle  Diversity. 
Signal  levels  low. 


Date 

Start  of 
Teat  Sprll, 
Local  Time 

Angle  Diversity 
Mode  and 
Prevailing 
Signal  Level 

50.  8.72 

1700 

51.  8.72 

1200 

51.  8.72 

1600 

Horizontal 

51.  8.72 

2000 

Offsetting 

1.  9.72 

0000 

1.  9.72 

0400 

High  Signal 

1.  9.72 

0800 

Levels 

1.  9.72 

1200 

Mean  for 
Test  Period,  dB 


Theoretical 
Efficiency,  dB 
(average  atmos- 
pheric conditions) 


7.  9.72 
7.  9.72 

7.  9.72 

8.  9.72 


15.  9.72 

15.  9.72 
14.  9.72 
14.  9.72 

16.  9.72 
16.  9.72 


Low  Si gi^al 
Levels 


THEORETICAL  PRE-COMBINER  EFFICIENCIES  - MAC, TATE  PAT 


Period,  Angle 

Median  Cross-correlation, 

Pj,  measured  via 
logarithmic  amplifier 

Equivalent 
Envelope 
Correlation,  Pj; 

Measured 

Period 

Theoretical  Pp;  for 

Diversity  Mode, 
and  Prevailing 

Heference 

Angle 

(via  linear  amp- 
lifier) for 

Mean  Pp; 
for  Angle 

An^le  Diversity 
(avers#©  atmos- 

Signal Level 

Diversi ty 

Diversity 

Angle  Diversity 

Divers! ty 

pheric  conditions) 

50.8.72  - 1.9.72 

Horizontal 

Offsetting 

High  Signal 
Levels 


7.9.72  - 8.9.72 

Vertical 
Offsetting 
High  Signal 
Levels 


15.9.72  - 18.9.72 

Vertical 
Offsetting 
Lov  Signal 
Levels 


- 0.01 

♦ 0.02 

- 0.15 

- 0.15 
+ 0.15 

- 0.05 
+ 0.05 

- 0.07 

- o.oi 

- 0.06 

- 0.04 

♦ 0.15 

■f  0.08 

♦ o.u 

♦ 0.14 

♦ 0.05 

♦ 0.08 

- 0.04 

♦ 0.05 

- 0.05 


+ 0.51 
+ 0.21 
+ 0.54 
+ 0.50 

♦ 0.71 

+ 0.4  5 

♦ 0.58 

♦ 0.54 

- 0.04 

- 0.09 

♦ (1.14 

♦ 0.04 

- 0.05 

•f  0.28 

+ 0.20 

+ 0.18 

♦ 0.10 

♦ 0.52 

♦ 0.1(i 

♦ 0.06 

* 0.07 


♦ 0.42 

+ 0.29 
+ 0.45 
+ 0.65 
+ 0.81 

+ 0.55 

+ 0.70 

+ 0.45 

- o.o5 

- 0.15 

+ 0.20 

♦ 0.05 

- 0.07 

♦ 0.58 
+ 0.28 

♦ 0.25 

+ 0.14 
+ 0.42 
+ 0.14 
+ 0.08 
+ 0.10 


+ 0.19 


Note!  The  neai-zero  values  of  Pj_  for  the  reference  (spaoe/ frequency ) Bystem  made  it  unnecessary  to 
oompute  equivalent  envelope  correlations,  P^,  for  this  system. 

TABLE  IV  DIVERSITY  BRANCH  CROSS-CORRELATIONS  FROM  MAGTAPE  DATA 


Bata  Logger  i 


Pre-combiner  Mean 
Efficiency,  dB 


Theoretical 


Teat 

period 

Consent 

Data 

Logger 

Magtape 

(See  Table  III) 

(average  atmos- 
pheric conditions) 

4.9.72 

4 hours 

Horizontal  Offset, 

High  Signal  Levels 

+ 0.4 

- 1.5 

- 5.5 

7.9.72  - 

8.9.72 

24  hours 

Vertical  Offset. 

High  Signal  l.evels. 

- 0.4 

- 0.9 

- 2.8 

12.9.72  - 

17.9.72 

25  h0UTB 

Vertical  Offset. 

Low  Signal  Levels 

5.6 

+ 6.0 

- 2.8 

TABLE  V PRE-COMBINER  EFFICIENCIES  - DATA  LOOCER.  MAGTAPE  AND  THEORETICAL  RESULTS  COMPARED 


Prevai ling 
Signal 
Level 


51.8.72 

4.9.72 


12.9.72 

15.9.72 

14.9.72 

15.9.72 

16.9.72 

17.9.72 


Teat  Period, 
Local  Time 


1200-1400 

1500-1600 


1200-1600 

2000-2200 

0000-0200 

0400-0550 

1000-1200 


1200-1500 

HOO-1400 

1000-1400 

1100-1200 

1500-1800 

1100-1400 


NHTB-MKAN  CROSS-CORRELATIONS  FROM  DATA  LOGGER  RESULTS 


Type  of 
Angle 
Diversity 

MI  NOTE- MEAN 

Angle  Diversity 

CROSS-COKRKLATIONS 

Reference 

Frequ/Space  Diversity 

Horizontal 

Offset 

+ 0.77 
+ 0.90 

♦ 0.74 
+ 0.70 

Vertical 

Offset 

+ 0.28 
♦ 0.86 
+ 0.75 
+ 0.95 

•f  0.76 

♦ 0.64 

♦ 0.95 

♦ 0.88 
+ 0.98 
♦ 0.87 

Vertical 

Offset 

+ 0.46 
+ 0.07 
♦ 0.04 

♦ 0.47 

♦ 0.70 

♦ 0.40 

♦ 0.41 

♦ 0.52 

♦ 0.89 

♦ 0.82 

♦ 0.91 

♦ 0.42 

Teat  Burled 
and  I'rcvat  ling 
Signal  level 

Type  of 
Angle 
Diversity 

Number  of 
Hourly 
Sample* 

Standard 
Deviation  of 
constituent  Hourly 
Efficiencies,  dB 

Mean  Relative 
Efficiency,  dB 

Theoretical 

Med 1 an 

Efficiency,  dB 

50.8.7?  - 4.9.7? 
Hi#h  Signal  l.«*v«*lu 

Horizontal 
Of faett in# 

55 

1.45 

- 5.5 

- 5.8 

7.9.72  - 8.9.72 

High  Signal  levels 

Vertical 

Of faett Ing 

19 

1.25 

- 2.0 

- 5.1 

12.9.72  - 17.9.72 

Bow  Signal  levels 

Vertical 

Offnottin# 

50 

1.0 

♦ 1.5 

- 5.1 
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Dual  An#le  Dlvornity  Moiuuiro- 
menttf  and  inference  therefrom 

Origin 

Bins 

Identi- 

fication 

llori  son  tally 
Offset 
Angle 
Diversity 

Vertically 

Offset 

Angle 

Diversity 

Meanurcd  Mean  Droa a- correlation 
between  briinohow, 

Table  IV 

Periods  50.8,72-1.9.72 
and  7.9.72-8.9.72 

U) 

+ 0.54 

+ 0.10 

Inferred  Median  Diversity  Boss 
associated  with  correlation 
measurements 

BRENNAN,  D.O..  1959, 
using  the  measured  values 
of  In  11ns  (a) 

(b) 

0.4  dB 

0.1  dB 

Measured  Post-0 ombltier  Mean 

Boss  with  respect  to  the 

Reference  System 

Table  VI t,  using  Mean 
Relative  Efficiencies  from 
Periods  50.8.72-4.9.72 
and  7.9.72-8.9.72 

(c) 

5.5  dB 

2.0  dB 

Inferred  aggregated  Squint  and 
Spillover  I.oesea 

(c)  minus  (b) 

(Sec  Section  8) 

(d) 

5.1  dB 

1.9  dB 

Inferred  Diversity  Boss  not 
exceeded  for  99.9?t  of  the  time 
for  the  conjectural  2 angle/ 

2 frequency  syetem 

PIERCE,  J.N.  and 

STEIN,  S.,  1970,  using  the 
measured  values  of  Pjj  In 
line  (a) 

(e) 

1.4  dB 

0.5  dB 

Inferred  Poet-combiner  Relative 
Efficiency  achieved  for  99.99t 
of  the  time  with  the  2 angle/ 

2 frequency  system 

Minun  (d)  minus  (c) 

($•«*  Action  8) 

(f) 

- 4.5  dB 

- 2.2  dB 

Theoretical  Efficiency  achieved 
for  99. W of  the  time  with 
optimised  2 anglo/2  frequency 
system 

KO0N0,  T,  HIRAl.M.  et  «!., 

1982,  and 

GOUGH,  M.W.,  1970,  using 
average  atmospheric  par a- 
melers  aid  Idealised 
reference  system 

(«) 

- 4.9  dB 

- 5.7  dB 

TABl.E  VI 11  STEPS  IN  PREDICTING  1'HB  'BVWt,  KKKIOI KNOt KU  OK  2 ANG1.I-/2  KREdUENOY  DIVERSITY  SYSTEMS 
FROM  THE  PUA1,  ANC.l.t  DIVERSITY  TR 1 ALS 


EX  ■ EXCITER 

l ■ EXCITER  LINE -CONDITIONER 
C • POST-DETECTION  DIVERSITY  COMBINER 


Kin.  1.  U. K.  - Oprwrny  tropoaeittar  nystam  an  Installed. 


Not  used 

fix]— Jtx 

,3  NORTH  DISH 


\ s dc  CONTROl  VOLTS 
T=  TONE  GENERATOR 
E*  = EMITTER 
P ■ TIMING  PULSES 


Kin.  ? 


II. K.  terminal  modified  for  annle  diversity  work Inn 


Theoretical 


VERTICAL 


VERTICAL 


OFFSET 


EXCESS  LEVEL  , di, 
UPPER /LOWER  BEAM 


/N 

Measured 


Final 

\ Setting 


Arbitrary 
Datum  -*■ 


-s  -rs 


feed horn  vertical  displacement  from  datum,  cm 


BEAMS  DIPPCO 


BEAMS  RAISED 


rig.  S.  Fanning  behaviour  of  vertically  offset  feed-horns 


HORIZONTAL 


Reference  Diversity 
Angle  Diversity 


DATE  30.8.71  31.8.72 


1.9.72  7 9.72  8.9.72  13.9.72  14  9.72  IS  9 72 


Fig.  6. 


Brunch  average  pie-combiner  levels  for  indicated  diversity  systems 
(2t>aiin.  magtape  spells). 
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SUMMARY 


The  United  States  Air  Force  has  the  engineering  responsibility  for  a new  generation  of  all-dlgltal 
tropoacatter  radio  terminals  for  Trt-Servlee  tactical  application.  No  data  base  existed  to  establish  the 
design  requirements  for  the  spedallied  adaptive  signal  processing  equipment  to  be  Included  In  these  ter- 
minals. Therefore,  an  extensive  test  program  was  undertaken  to  characterise  the  multipath  nature  of 
tactical  tropoacatter  links.  The  data  obtained  was  used  to  prepare  the  design  specifications  for  the  AN^ 
TRC-170  tropoacatter  terminals.  A performance  prediction  technique  was  derived  which  considers  the  vari- 
ability In  path  loss  and  mcltlpath  spreading  and  the  effect  of  this  variability  on  modem  performance  to 
predict  the  uaable  range  of  this  equipment.  In  any  Investigation  where  field  data  la  reduced  and  modeling 
Is  attempted,  questions  are  raised  which  can  only  be  answered  by  additional  Investigation.  Therefore,  a 
suggested  test  plan  Inspired  by  this  work  concludes  the  paper. 

1.  INTRODUCTION 

When  the  requirements  for  high  speed  digital  tropoacatter  communication  were  first  being  established 
In  1973,  hardware  realisations  of  adaptive  modem  techniques  were  still  laboratory  curiosities  and  achievable 
performance  was  the  subject  of  much  conjecture.  There  were  virtually  no  multipath  measurements  for  tropo- 
acatter paths  typical  of  tactical  communication:  4.4  to  5.0  GHa,  50  to  200  mile  range,  and  moderate  gain 
antennas  usually  associated  with  readily  transportable  tactical  systems.  Although  enough  correlation  band- 
width measurement  data  existed  to  suggest  that  data  transmission  at  data  rates  of  2 MB/s  would  be  plagued 
with  dispersion  and  consequent  lntersvmbol  interference,  the  dsta  base  was  not  sufficient  to  establish 
design  requirements  for  specialised  adaptive  signal  processing  techniques  or  even  to  fully  Justify  their 
Investigation. 


It  was  obvious  further  work  in  this  area  was  needed  and  a program  of  channel  measurement  and  analysis 
was  initiated.  The  measurement  segment  of  the  progrsm  concentrated  on  the  multipath  dispersion  of  two  paths 
typical  of  those  encountered  in  tactical  military  situations  over  a sufficiently  long  period  of  time  that 
a reliable  data  base  could  be  obtained.  Alao,  the  performance  of  several  adaptive  modem  techniques  was  ob- 
served over  the  test  paths  and  under  controlled  test  situations  using  a tropoacatter  channel  simulator. 

The  analysis  segment  of  the  effort  reduced  the  experimental  data  to  a basis  from  which  the  performance  of 
the  AN/TRC-170  Radio  Terminal  Equipment  could  be  specified.  Alao,  a performance  prediction  model  was  derived 
based  upon  the  experimental  work.  This  model  may  be  used,  within  the  limitations  imposed  by  a meager  data 
base,  to  combine  the  statistical  variations  of  both  path  loss  and  multipath  spread  to  predict  the  perfor- 
mance of  TRC-170  equipment  in  field  deployments.  The  formulation  of  the  prediction  model  clarified  the 
in  which  further  data  would  be  advantageous. 


2.  TEST  PROGRAM 

The  United  States  Air  Force  has  engineering  responsibility  for  a new  generation  of  all-dlgltal 
tropoacatter  radio  terminals  for  Trl-Servlce  tactical  application.  There  are  three  terminals  In  this  famllv 
which  is  designated  as  AN/TRC-170.  The  smallest  terminal  la  similar  in  site  to  the  analog  AN/TRC-97  with 
expected  deployment  on  paths  of  less  than  100  miles.  The  Intermediate  terminal  will  serve  paths  beyond 
100  miles  while  the  range  of  the  largest  terminal  will  be  in  excess  of  200  miles.  Experimental  data  was 
required  to  identify  the  type  of  modem  which  would  best  serve  the  needs  of  these  terminals.  If  the  multl- 
patn  spread  was  small,  of  the  order  of  tens  of  nanoseconds  ss  predicted  by  the  Bello  model  (Bello,  P.  A., 
1969),  relatively  simple  modem  technology  such  as  QPSK  with  fixed  matched  filter  processing  would  be  Indica- 
ted. Intersymbol  Interference  effects  would  be  small  and  degrade  performance  only  slightly.  If  the  multi- 
path  spread  were  larger,  use  of  conventional  modulation  would  result  in  less  than  optimal  system  performance. 

The  design  of  the  modem  should  be  matched  to  the  multipath  charac tcrlst lcs  of  the  channel.  If  the 
modem  is  overdesigned,  its  utility  In  a tactical  communications  environment  Is  limited  bv  undue  cost,  weight, 
and  complexity.  A modem  which  Is  Inadequate  for  the  multipath  present  not  only  suffers  a degradation  from 
Its  flat  fading  performance  level  due  to  Intersymbol  Interference,  but  also  it  Is  unable  to  utilise  thr 
multitude  of  Independently  fading  paths  Implicit  in  the  medium  to  attain  performance  superior  to  that 
attainable  for  flat  fading. 

Therefore,  the  first  objective  of  the  test  program  was  to  obtain  the  necessary  multipath  statistics 
to  allow  the  design  of  a modem  optimised  for  the  medium.  A second  objective  of  the  program  was  to  observe 
the  relation  between  multipath  spread  effects  and  other  observable  path  and  meteorological  parameters  on 
the  performance  of  digital  tropoacatter  equipment.  Prediction  of  the  performance  of  such  modems  on  pos- 
tulated paths  requires  knowledge  of  not  onlv  the  average  magnitude  hut  the  statistics  ol  the  dispersion 
or  multipath  spread  of  the  channel.  Ustng  twice  the  RMS  multipath  spread  (.’<*)  as  a measure  oi  dispersion, 
available  data  Indicated  that  the  multipath  spread  on  tropoacatter  paths  mtghv  be  anvwhere  I rom  tens  to 
hundreds  of  nanoseconds.  The  wide  range  and  attendant  uncertainty  oi  this  data  made  engineering  Judgements 


300 

required  in  the  development  of  digital  t roposcat ter  equipment  difficult  and  the  prediction  of  the  perform- 
ance of  such  equipment  nearly  impossible. 

Design  and  evaluation  of  adaptive  modems  is  greatly  simplified  if  they  can  be  tested  under  repeatable 
conditions  Such  testing  is  very  difficult  and  tins*  consuming  on  over-the-ai r paths.  Troposcatter  multipath 
simulators  have  been  constructed  which  provide  valid  and  repeatable  tests  ot  modi  m performance.  Another 
objective  of  the  test  program  was  to  determine  the  necessary  multipath  parameters  to  effectively  utilize  the 
Quadrature  Diversity  Troposcatter  Simulator  (built  for  RADC  by  Slgnatron  Inc.)  for  modem  evaluation  and 
performance  specification.  Part  of  the  test  effort  Included  the  comparison  of  the  performance  of  several 
breadboard  adaptive  modems  in  over-the-alr  and  simulator  tests. 

The  experimental  data  required  were  gathered  from  October  1974  through  August  1973  by  personnel  from 
the  Rome  Air  Development  Center  (RADC)  and  The  MITRE  Corporation  at  the  RADC  test  range  in  northwestern 
New  York.  This  range  has  been  in  existence  for  more  than  18  years  and  has  been  used  for  manv  types  of  tropo- 
spheric propagation  measurements.  It  is  one  of  the  locations  where  extensive  atmospheric  structure  probing 
activity  has  been  conducted  at  L band  over  two  paths  as  well  as  the  site  of  many  correlation  bandwidth  and 
diversity  experiments. 

The  test  paths  used  in  this  program  are  shown  in  Figure  1.  Also  shown  on  the  figure  are  the  loca- 
tions at  which  routine  meteorological  measurements  were  made.  The  radio  paths  both  are  obstructed  by  tree 
lines  which,  at  C band,  effectively  set  the  radio  horizon.  The  resulting  take-off  angles  ranged  from  one- 
third  to  one  degree  at  the  various  sites  as  indicated  in  Table  1.  These  sites,  then,  are  probably  quite 
typical  of  sites  where  tactical  communication  equipment  would  be  deployed  and  are  not  typical  of  carefully 
prepared  hilltop  sites  which  would  more  likely  be  found  on  permanent  strategic  troposcatter  links.  Com- 
parison of  the  common  volume  geometry  of  troposcatter  paths  with  high  take-off  angles  with  that  of  tropo- 
scatter paths  operating  over  smooth  earth  or  from  selected  sites  with  low  or  depressed  take-off  angles 
would  tend  to  indicate  that  a greater  degree  of  multipath  spreading  would  be  expected  on  the  paths  with  the 
high  take-off  angles  as  long  as  the  variation  of  atmospheric  structure  with  height  was  the  same  for  both 
situations. 

2.1  Test  Instrumentation 

Multipath  measurements  were  made  using  a "multipath  analyzer"  which  is  commonly  known  as  a RARE 
system  as  it  uses  a concept  from  the  original  RAKE  communication  system  (Price,  R.,  Green,  Jr.,  P.  K.,  1938) 
for  fading  dispersive  channels.  The  RAKE  system  in  use  at  RADC  was  built  by  Sylvanla,  Inc.  To  Isolate 
signal  energy  as  a function  of  delay,  the  RAKE  channel  measurement  technique  (Barrow,  B.  B.  et  al,  1969) 
transmits  a maximal-length  binary  sequence  as  a probe  signal  and  the  receiver  cross-correlates  locally 
generated  sequences  with  the  received  signal.  The  auto-correlation  function  of  such  a sequence  has  a sharp 
peak  at  zero  shift  (relative  delay)  and  then  drops  to  nearly  zero  until  the  shift  equals  the  sequence  length, 
where  it  rises  again.  As  shown  in  Figure  2,  the  RAKE  receiver  is  made  up  of  a bank  of  cross-correlators 
operating  at  progressively  increasing  delay  increments.  By  comparing  the  relative  output  at  successive 
delay  increments  or  taps,  the  impulse  response  or  delay  power  spectrum  the  channel  may  be  determined.  If 

the  overall  radio  system  response  is  wide  with  respect  to  the  rate  of  the  probe  sequence,  the  response  at 
the  various  delays  will  be  primarily  due  to  multipath  propagation  in  the  medium.  In  the  RAKE  system  used 
for  the  RADC  tests,  the  bit  rate  was  10  MHz  and  the  tap  spacing  was  .1  microsecond. 

Figure  3 is  an  overall  block  diagram  of  the  equipment  used  in  the  field  tests.  The  RAKE  "multi- 
path analyzer"  transmitter  and  receiver  Interface  with  the  radio  system  at  a 70  MHz  IF.  For  operat ion  on 
the  short  path,  the  radio  system  was  a modified  AN/TRC-97  D.  The  power  amplifier  was  tuned  for  broadband 
operation  and  produced  about  .9  Kw.  On  the  longer  path,  the  power  amplifiers  of  the  TRC-132  radio  terminal 
were  broadbanded  and  operated  at  about  3 Kw.  In  both  terminals,  the  frequency  synthesizers  were  replaced 
by  stable  laboratory  equipment.  At  all  sites,  timing  and  fiequency  references  were  derived  from  a 3 MHz 
GR-1113-B  standard  oscillator  with  a frequency  stability  on  the  order  of  one  part  in  1C)'*.  Such  high 
accuracy  is  necessary  to  reliably  resolve  delays  on  the  order  of  hundreds  of  nanoseconds  and  Doppler 
shifts  on  the  order  of  Hertz. 

2.2  Propagation  Test  Results 

Most  of  the  tests  were  conducted  during  normal  working  hours  local  time,  five  days  a week.  Channel 
measurements  were  normally  made  once  each  hour  to  coincide  with  normal  meteorological  observat ions . This 
test  schedule  was  altered  to  avoid  data  acquisition  when  aircraft  were  observed  in  the  common  volume.  Un- 
scheduled tests  were  conducted  when  sudden  changes  in  path  loss  or  multipath  spread  occurred  or  when  an 
unusual  condition  such  as  layering  was  observed.  On  a few  occasions,  the  tost  schedule  was  extended  to  late 
evening  and/or  around-the-clock  operation. 

From  1 October  1974  to  22  April  1973,  all  tests  were  conducted  with  the  AN/TRC-97  on  the  short  path. 
Various  comblnat ions  of  8 and  13  foot  antennas  were  utilized  at  the  terminals.  From  28  April  through 
12  May  1973,  tests  were  conducted  over  the  long  path  using  the  AN/TRC-132A  using  the  standard  28  foot 
antennas.  From  12  Mav  th“ough  10  July  1973,  a long  period  of  over-the-air  modem  testing  wsn  conducted  on  the 
TRC-97D  short  path.  During  these  tests,  normal  RAKE  testing  was  alternated  with  modem  error  rate  tests. 

A final  segment  of  tests  was  conducted  over  the  TRC-132A  long  path  from  17  July  through  7 August  1973. 

The  USAF  Environmental  Technical  Applications  Center  (USAFF.TAC)  supplied  three  different  types  of 
meteorological  data  to  the  program:  surface  data  from  Rochester,  Buffalo,  Utica  and  Syracuse;  wind  shear 
data  from  Albany  and  Buffalo;  and  upper  air  data  (rawlnsonde  data)  from  Albany  and  Buffalo. 

A variety  of  meteorological  parameters  were  computed  ami  compared  with  the  observed  radio  path  beha- 
vior. The  only  significant  correlation  obtained  was  between  the  effective  earth  radius  and  median  signal 
level. 


diversity  system  was  derived  from  minute-mean  received  levels  (dPv)  extracted  fro*  the  stored  magtape  data. 

« The  marked  asymmetry  of  the  eoretical  curve  about  the  balance  point  results  mainly  from  the  assumption 
of  progressive  skyline  cut-v'i  . of  the  lower  beam  as  the  twin  beams  are  progressively  dipped.  Scatter  angle 
dependence  gives  further  asymmetry. 


Pr 


The  primary  statistic  of  interest  in  this  investigation  was  the  2(7  multipath  spread  parameter  and 
hence,  the  available  resources  were  concentrated  on  lta  characterisation.  The  RAKE  receiver  determines  the 
complex  impulse  response  of  the  channel  (i.e.,  the  distribution  of  received  power  in  the  orthogonal  multi- 
path  delay  spreading  and  Doppler  spreading  domains).  The  delay  power  spectrum  resulted  when  the  mean 
value  of  the  magnitude  of  the  complex  channel  impulse  response  was  computed.  An  example  of  such  a spectrum 
is  shown  in  Figure  4.  Examples  of  the  observed  RMS  Multipath  Spread  Distributions  are  given  for  Summer, 
Winter,  and  all  data  for  all  observations  on  the  short  path  in  Figure  5.  Figure  6 compares  the 
data  obtained  during  the  winter  using  the  28  foot  antennas  on  the  long  path  with  that  obtained  using  8 foot 
and  the  combination  of  8 and  15  foot  antennas  on  the  short  path.  Note  that  although  there  appears  little 
difference  In  the  mean  values  observed,  the  variance  decreases  with  increasing  antenna  site.  Although 
short  term  correlation  was  observed  on  a number  of  occasions  between  the  variations  of  received  signal 
level  und  multipath  spread,  no  long  term  correlation  was  found. 

Attempts  to  correlate  the  multipath  spread  variations  with  available  meteorological  data  were  ham- 
pered by  the  fact  that  the  observation  points  were  located  at  a significant  distance  from  the  common  volume 
region  of  the  path  and  also,  the  measurements  were  f more  gross  features  of  the  troposphere  than  would  be 
observed  with  the  RAKE  equipment.  The  only  experiments  in  which  high  correlation  has  been  found  between 
meteorological  and  radio  parameters  measured  with  RAKE  equipment  have  been  those  utilizing  an  aircraft  equip- 
ped with  a microwave  ref ractometer  and  have  been  conducted  at  L band  (Blrkemeier,  W.  P.  et  al , 1973). 

Although  there  are  limitations  on  the  test  and  meteorological  data,  the  set  of  data  obtained  from 
the  site  at  Verona  over  the  duration  of  the  teat  program  is  one  of  the  most  extensive  currently  available. 

It  should  be  noted  that  equipment  and  time  limitations  precluded  obtaining  regular  24-hour  data  sufficient 
to  characterize  diurnal  multipath  variability.  However,  some  general  diurnal  characteristics  were  noted. 
During  the  summer,  the  multipath  spreading  was  greatest  during  the  afternoon  while  during  the  winter,  the 
reverse  was  true.  Then  the  multipath  spreading  tended  to  be  the  greatest  during  the  morning. 

A general  summary  of  the  teat  data  is  given  in  Table  2.  Here  the  high,  low  and  spread  between  the 
values  of  RMS  multipath  spread  and  median  RSL  is  given  for  various  test  conditions.  The  spread  between  the 
high  and  low  values  for  the  RMS  multipath  spread,  in  general,  becomes  less  as  the  size  of  the  antenna  in- 
creases. This  pattern  is  not  evident  for  the  spreads  between  the  high  and  low  values  for  the  median  RSL 

values. 

2.3  Comparison  With  Other  Results 

Most  of  the  earlier  test  results  for  short -to-medium  range  paths  at  C band  have  consisted  of  measure- 
ment of  correlation  bandwidth,  an  indirect  measure  of  multipath.  To  make  a comparison  with  earlier  data, 
an  approximation  was  developed  whlrh  was  used  to  translate  correlation  bandwldths  into  estimates  of  multi- 
path  spread.  The  derivation  may  be  found  in  (ESD  TR-77-252,  1977)  and  only  the  results  are  reproduced  here. 

One  series  of  tests  was  conducted  over  a 100-statute-mlle  overland  path  in  Florida  (Gainsvllle  to 
Orlando)  during  the  period  of  14  May  to  15  June  1962  (Patrick,  W.  S.,  Wiggins,  M.  J.,  1963).  Tests  were  con- 
ducted at  C band  using  12-foot  and  4-foot  parabolic  reflectors  with  takeoff  angles  of  nearly  zero  degrees. 

The  translated  results  of  these  tests  are  presented  in  Table  3.  Most  of  the  testing  (100  hours)  was  conduc- 
ted with  the  12-foot  reflectors.  One  day  of  the  operation,  tests  were  alternated  between  the  12-foot  and 

4-foot  reflectors  with  essentially  the  same  correlation  bandwidth  being  observed.  This  tends  to  indicate 
that  under  the  condition*  of  thi*  teat,  it  was  the  medium  and  not  the  antenna  patterns  which  were  limiting 
the  multipath  spread  on  the  path. 

Turlr.g  the  period  August  1969  through  February  1970,  a series  of  correlation  bandwidth  tests 
(Br*'1,  R.  et  al,  1970;  Kennedy,  D.  J.,  1972;  Branham,  R.  1961)  were  conducted  over  four  paths  at  the  RADC 
test  «•.  (These  are  the  paths  shown  in  Figure  1 as  dashed  lines.)  These  tests  utilized  10-foot  anten- 
nas 4 ware  at  C band.  Path  parameters  and  estimates  of  multipath  spread  are  presented  in  Table  3.  These 

results  ire  consistent  with  the  results  of  the  extensive  RAKE  testing. 

Another  aeries  of  C band  rests  were  conducted  between  Tobyhanna,  Pennsylvania  and  Fort  Monmouth, 

New  Jersey  fro*  October  1966  through  January  1967,  and  from  February  1968  through  July  1968  (Olaon,  W.  A., 
1971).  During  the  first  teat  period,  10-foot  antennas  were  employed  while  15-foot  antennas  were  used  during 
the  second  segment.  More  than  90  percent  of  the  data  was  obtained  using  the  smaller  antennas.  Results  and 
path  parameters  of  this  experiment  are  also  presented  in  Table  3. 

From  the  very  limited  number  of  "test"  paths  Included  in  the  table,  it  appears  that  the  overall 
range  of  multipath  spreading  is  consistent  with  the  range  observed  in  the  current  test  program.  Also  there 
appears  to  be  an  Interrelation  between  observed  multipath  spread,  takeoff  angle,  and  path  length  as  w~ jld 
be  expected  from  geometric  considerations.  All  paths,  except  for  one,  were  over  land  and  the  majority 
were  over  relatively  sittoth  terrain.  Not  Included  in  this  limited  data  base  are:  data  for  longer  paths 
with  antenna  diameters  in  the  8 to  15-foot  range;  shorter  range  paths  where  diffraction  effects  predominate; 
tarrain  obstructed  paths  with  large  scatter  angles;  obstacle  gain  diffraction  paths;  and  paths  in  other 
climatic  regions.  That  la  to  say  that  data  from  direct  or  indirect  measurement  of  multipath  do  not,  for  the 
moat  part,  exist  for  the  types  of  conditions  expected  in  an  operational  deployment  of  tactical  tropoacatter 
radio  equipment. 


2.4  Comparison  With  Channel  fadels 

The  construction  of  a viable  prediction  technique  for  system  performance  requires  a method  of  pre- 
dicting the  multipath  statistics  of  a path.  This  prediction  may  either  involve  a large  experimental  data 
base  or  a theoretical  channel  model.  Existing  tropoacatter  channel  models  represent  an  attempt  to  predict 
average  dlspeislon  baaed  upon  path  geometry,  making  certain  assumptions  relative  to  scattering  efficiency  as 
a function  of  scatter  angle  and  common  volume  height.  The  detailed  analysis  of  various  models , their  under- 
lying physical  assumptions  and  limitations  has  been  beyond  the  scope  of  the  effort  to  this  point.  It  is  felt 
that  mort  data,  of  the  type  detailed  In  the  proposed  test  plan,  is  needed  to  develop  a new  or  modified  model. 
However,  there  are  some  observations  resulting  from  prellminaty  work  which  are  worth  mentioning. 


The  early  Bello  model  (Bello,  P.  A.,  1969)  was  formulated  to  fit  data  obtained  on  an  L and  path  and 
Involved  a single  Integral  which  related  the  delay  power  spectrum  to  the  geometry  and  antenna  patterns  of  the 
tropoacatter  path.  A later  Bello  model  (Bello,  P.  A.,  1968)  predicts  the  delay  power  spectrum  for  tropo- 
scatter  paths  with  arbitrary  antenna  orientation.  The  theoretical  power  spectrum  is  obtained  by  evaluating 
a double  Integral  containing  tersw  which  account  for  the  antenna  patterns  and  path  grometry,  the  tropospheric 
layering  effects,  and  the  spaclal  correlation  between  refractive  Index  fluctuations  at  different  points  In 
the  atmosphere. 

The  shape  of  the  delay  power  spectrum  obtained  fries  the  second  Bello  model  Is  a good  fit  to  the 
average  delay  power  spectrum  observed  on  the  RADC  path  as  Is  shown  In  Figure  4.  This  model  sgrees  with  the 
theory  and  experimental  indications  that  the  greatest  scattering  cross  section  generally  exists  In  the  lower 
portion  of  the  coaon  volume,  near  the  great  circle  path. 

Depending  upon  what  values  are  selected  for  the  parameters  used  to  characteri zed  the  atmosphere,  the 
second  Bello  mode'  may  be  used  to  predict  multipath  spreads  on  the  order  of  magnitude  of  those  observed 
experimentally.  mere  seems  to  be  a reasonable  agreement  between  the  variations  In  takeoff  angle,  path 
length,  and  mean  multipath  spread  as  seen  In  the  limited  experimental  data.  It  would  appear  that  additional 
refinement  of  the  atmospheric  model  used  In  the  Bello  model  would  be  possible  If  additional  propagation  tests 
wire  supported  with  data  from  an  airborne  microwave  rcfractometer  probing  the  comon  volume. 

1.3  Modem  Teat  Results 

The  modems  tested  were  all  breadboard  development  models  and  hence,  the  data  from  these  tests  Is  in 
general,  of  proprietary  nature.  To  Illustrate  the  performance  characteristics  of  an  adaptive  modem,  a 
generalised  modem  curve  Is  given  In  Figure  7.  This  plot  Indicates  the  ratio  of  energy  per  bit  to  noise 
spectral  density  ratio  (Eb/No)  required  to  maintain  a fixed  error  rate  as  a function  ot  multipath  spread. 

Near  sero  multipath  spread,  such  a modem  approaches  the  performance  of  simple  QFSE  systems  utilising 
matched  filter  detection.  As  the  multipath  spread  Increases,  the  modem  begins  to  realise  the  multipath 
diversity  gain  Implicit  In  the  propagating  medium  and,  hence,  the  Eb/No  ratio  required  to  maintain  the 
desired  error  rate  decreases.  Further  Increases  In  multipath  spread  begin  to  Introduce  significant  lnter- 
svmbol  Interference  and  cause  the  required  Eb/No  ratio  to  rise.  An  Infinite  slope  would  appear  on  this  curve 
when  the  ISI  causes  the  Irreducible  error  rate  to  be  higher  than  the  desired  error  rate.  Good  modem 
engineering  would  produce  a » odem  that  requires  minimum  Eb/No  near  the  mean  expected  multipath  spread  and 
does  not  exhibit  significant  ISI  loss  under  the  extreme  multipath  conditions  to  be  expected  on  the  path. 

3.0  PERFORMANCE  PREDICTION 

The  user  of  a communication  link  Is  ultimately  Interested  In  the  percentage  of  the  time  that  the 
link  meets  hla  requirements.  To  Include  In  the  performance  prediction  model  the  slow  variation  In  multi- 
path  spread  (the  variation  in  delay  power  spectrum)  as  well  as  the  slow  variation  in  path  loss  (the  long 
term  fading),  the  concept  of  "generalised  tlme-avallablllty"  has  been  formulated.  This  Is  an  extension  of 
the  narrowband  concept  uf  tlme-avallablllty  which  Is  defined  as  the  percentage  of  hours  for  which  the 
mean  path  loss  Is  such  that  the  desired  grade-of-service  Is  obtained.  Generalised  time-aval  lability  Is  then 
the  percentage  of  hours  for  which  the  mean  path  loss  and  the  mean  multipath  spread  are  jointly  such  that  the 
desired  grade-of-service  la  obtained. 

Development  of  prediction  techniques  for  service  probability  In  the  narrowband  case  has  been  thr 
subject  of  a great  deal  of  effort,  most  notably  by  the  National  Bureau  of  Standards.  Emperlcal  data  from 
a great  number  of  existing  tropo  links  and  special  test  links  was  combined  to  produce  a method  of  predicting 
the  tlme-avallablllty  and  service  probability  of  tropoacatter  links  which  takes  into  account  their  topo- 
logical and  climatological  variables.  This  prediction  technique,  which  is  embodied  In  NBS  Technical  Note  101 
(Rice,  P.  L.  at  al,  1967)  has  generally  been  accepted  as  a reliable  tool  for  the  characterisation  and  pre- 
diction of  tropoacatter  link  performance. 

In  the  high  data  rate  case,  performance  of  digital  tropoacatter  modems  la  strongly  Influenced  by 
multipath  through  the  mechanisms  of  Implicit  diversity  and  Intersymbol  Interference.  From  the  results  of 
the  tests  at  RADC  and  other  available  data.  It  appears  that  the  multipath  behavior  of  the  tropo  medium  Is 
subject  to  a wide  range  of  fluctuation  with  time.  Little  Is  currently  shown  about  how  these  statistics 
vary  with  path  geometry  and  climatology.  Prediction  of  the  performance  of  a high  data  rate  troposcatter 
link  must  take  this  paiameter  Into  account  even  though  there  Is  comparatively  little  data  upon  which  to  base 
an  empirical  statistical  model.  Also  lacking  is  a credible  theoretical  model  which  could  utilise  available 
climatological  data  to  provide  the  necessary  statistics.  Nevertheless,  an  effort  has  been  made  to  combine 
the  data  collected  In  the  RADC  testa  on  multipath  variation  with  the  NBS  model  of  signal  level  variation 
to  produce  predictions  of  the  generalised  time  availability  (GTA)  of  a high  data  rate  digital  t roposcat ter 
link. 

For  a given  set  of  path  parameters,  It  Is  possible  to  determine  from  the  NBS  model  thr  predicted 
mean  and  standard  deviation  of  the  log-normal  probability  density  function  (pdf)  of  the  hourly  median  path 
losses.  This  pdf  Is  for  an  average  path  with  a given  set  of  path  parameters  (distance,  takeoff  angles, 
climate,  season  or  time  block,  and  frequency),  and  hence,  corresponds  to  a service  probability  of  fifty 
percent.  This  pdf  may  be  modified  for  other  values  of  service  probability  and  the  modified  form  will  be 
discussed  later.  Inclusion  of  the  additional  factors  of  aperture-to-medlum  coupling  loss  and  the  capabil- 
ities of  the  terminal  equipment  (l.e.,  transmitter  power,  noise  figure,  etc.)  and  the  data  rate,  allows 
the  density  function  of  the  hourly  median  Eb/No  to  be  determined  directly. 

In  the  RADC  tests,  the  multipath  spread,  as  measured  by  the  two  sigma  width  of  the  delay  power 
spectrum,  has  been  found  to  vary  with  a distribution  which  may  be  approximated  by  a Gaussian  pdf.  The  two 
quantities,  Eb/No  and  the  20  delay  power  spectrum  width,  were  found  to  vary  with  low  long  term  correlation. 
Thus,  to  simplify  the  analysis,  they  will  be  considered  to  be  statistically  Independent. 

The  Joint  pdf  of  Eb/No  and  20  Is  then  the  product  of  their  individual  pdfs  and  may  be  treated  as  a 
two  dimension  Gaussian  process.  Geosvtrlcally,  this  Is  represented  In  Figure  8 as  a "Gaussian  dome."  Also 
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shown  in  the  figure  is  a generalized  "modem  curve"-the  locus  of  the  value  of  Eb/No  required  to  maintain  a 
constant  bit  error  rate  as  the  value  of  2o  multipath  spread  is  increased.  The  probability  that  the  averages, 
over  an  hour,  of  the  Eb/No  and  the  20  multipath  spread  are  such  that  the  average  bit  error  rate  over  the 
hour  is  less  than  the  specified  value  is  found  by  integrating  the  Joint  pdf  over  the  portion  of  th  X-Y 
plane  that  lies  above  the  modem  curve.  (fhat  is  for  values  of  Eb/No  greater  than  the  minimum  given  by  the 
modem  curve.)  The  value  of  this  integral  is  defined  to  be  the  GTA.  In  the  next  section  of  this  paper,  the 
NBS  statistical  model  of  path  loss  will  be  discussed  and  the  pdf  of  the  variation  in  time  hourly  median 
path  losses  for  service  probabilities  other  than  50X  will  be  stated.  The  use  of  the  prediction  model  will 
be  illustrated  by  the  results  of  a computer  numerical  integration  which  shows  the  variation  of  GTA  with 
range  for  one  set  of  the  family  of  three  TRC-170  troposcatter  terminals. 

3. 1 Path  Loss  Variability 

The  path  loss  observed  on  a given  troposcatter  link  is  not  constant.  There  are  rapid  fluctuations, 
termed  fast  fading,  with  a period  ranging  from  the  order  of  a tenth  to  several  seconds.  For  a CU  or  a 
narrowband  signal,  the  envelope  will  have  a Rayleigh  type  probability  density  function  (Rayleigh  fading) 
over  an  Interval  of  several  minutes.  For  a signal  subject  to  fast  frequency  selective  fading  (i.e.,  signal 
bandwidth  larger  than  the  correlation  bandwidth  of  the  channel),  the  received  power  tends  toward  a log- 
normal distribution.  That  is  to  say  that  the  power  expressed  in  decibels  follows  a Gaussian  distribution. 
Over  longer  intervals  in  the  narrowband  as  well  as  the  frequency  selective  case,  fading  is  log-normally 
distributed . 


The  NBS  model  is  expressed  in  terms  of  the  statistics  of  the  hourly  medians  of  path  loss.  The 
variation  of  the  median  of  the  distribution  of  hourly  medians  for  different  climates  and  seasons  as  well  as 
time  blocks  is  given.  Additionally,  the  random  fluctuations  In  terms  of  the  hourly  medians  is  described  in 
terms  of  a log-normal  distribution  with  a standard  deviation  dependent  upon  range,  frequency,  climate,  and 
time  interval  which  may  be  a season,  a defined  time  block,  or  the  entire  year.  Usually  the  standard  devia- 
tion for  the  upper  and  lower  parts  of  the  distribution  are  different,  but  as  high  time  availabilities  (above ) 
90X)  alone  are  of  practical  Interest,  only  one  side  of  the  distribution  will  cross  the  modem  curve.  That 
is  to  say  that  the  vast  majority  of  the  Gaussian  dome  of  Figure  8 is  above  the  modem  curve.  This  distribu- 
tion is  meant  to  be  representative  of  an  average  link  with  the  stated  parameters  (distance,  climate,  etc.). 
Consider  a given  path  over  which,  according  to  this  distribution,  the  path  loss  is  less  than  L for  some 
fraction  of  the  hours  q^.  This  will  be  true  only  for  50X  of  the  paths  with  the  same  parameters.  One  could 
say  that  the  path  loss  was  less  than  L (or  the  path  gain  was  -L)  with  a time-availability  of  q and  a 
service  probability  of  50X.  In  order  to  achieve  a greater  confidence  in  the  same  value  of  time-availability, 
that  is  increase  the  service  probability,  it  is  necessary  to  accept  a greater  maximum  path  loss  by  adding 

a bias  or  safety  factor.  This  may  be  expressed  as  L(q  , q ) - A(0.5)  + Y (q  ) + Y (q  , q ) 

t s rests 
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qs 

A(0.5) 

w 
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maximum  path  loss  with: 

time-aval lability 

service  probability 

median  path  loss  (q^  ■ 0.5,  qs  ■ 0.5) 

the  bias  of  additional  path  loss  to  obtain  the  time-availability 

the  bias  of  additional  path  loss  to  obtain  the  time- aval lability  qf  with  a 
service  probability  of  qg. 


As  was  previously  mentioned,  the  distribution  of  the  hourly  medians  of  path  loss  in  dB  for  a partic- 
ular link  is  Gaussian.  For  the  average  link  with  the  same  parameters,  the  standard  deviation  of  the  hourly 
median  path  losses,  q , can  be  found  from  the  NBS  model.  For  the  purpose  of  evaluating  the  generalized 
time- availability , the  probability  density  function  for  the  hourly  medians  of  Eb/No  can  be  found  from  the 
NBS  model  but  only  for  a service  probability  of  .5.  However,  we  are  interested  in  using  a service  prob- 
ability of  .95  which  is  the  value  generally  accepted  in  path  performance  prediction  in  the  narrowband  case. 
It  is  necessary  to  find,  then,  a probability  density  function  for  the  fluctuation  in  time  of  the  hourly 
medians,  corresponding  to  an  arbitrary  and  fixed  service  probability.  This  may  be  done  formally  as  follows: 
Define  a combined  bias  Y(qt,  q&)  as  follows: 
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From  this  one  can  determine  qt  as  a function  of  Y and  q 
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This  represents  a cumulative  distribution  function 
the  median  A(0.5)  subtracted  out)  is  less  than  Y. 
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, i.e.,  q is  the  probability  that  the  path  loss  (with 
The  desired  pdf  is  obtained  by  differentiation. 


with  q playing  the  role  of  a parameter. 
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where  tor  smooth  earth,  or  other  case  of  known  terrain  parameters,  and  for  95Z  service  probability 
a - 9.6548 


fi  - 0.3247 

3.2  Sample  Calculations  of  GTA  vs.  Range 

There  are  three  sets  In  the  TRC-170  family  of  troposcatter  terminals.  The  smallest  of  these  ter- 
minals (Set  3)  uses  dual  diversity,  a 2 Kw  power  output,  and  9.5  foot  antennas.  The  Intermediate  terminal 
(Set  2)  uses  quad  diversity,  a 2 Kw  power  output  and  9.5  foot  antennas.  The  largest  terminal  also  uses 
quad  diversity,  6.6  Kw  power  output  and  15  foot  antennas.  The  generalized  time  availability  as  a function 
of  range  for  these  three  sets  for  the  maximum  bandwidth  and  data  rate  (7.  Mhz,  2.048  Mb/s)  for  an  average 
error  rate  of  10  * is  given  In  Figure  9. 

These  curves  were  obtained  by  means  of  numerical  Integration  of  the  joint  pdf  of  Eb/No  and  the  2 O 
multipath  spread  over  that  portion  of  the  plane  above  the  modem  curve  - as  previously  described.  The 
Joint  pdf  of  the  hourly  medians  of  Eb/No  and  the  pdf  of  the  20  width  of  the  delay  power  are  assumed  to  be 
independent  processes,  based  upon  the  results  of  the  RADC  tests.  The  pdf  of  Eb/No  was  the  form  given  abcve 
for  a service  probability  of  95X . The  pdf  of  the  multipath  spread  is  based  upon  the  RADC  tests.  A Gaussian 
distribution  was  used  with  a standard  deviation  of  .0586  microseconds  for  Set  1 (15  foot  antennas) . For 
Seta  2 and  3 (9.5  foot  antennas)  the  standard  deviation  of  .0725  microsecond;-.  The  median  for  all  sets 
was  .153  microseconds.  As  a simplification,  these  numbers  were  not  varied  with  range  although  variation  in 
path  geometry  (and  atmospheric  structure  with  changing  common  volume  height)  would  be  expected  as  path  length 
increased . 


For  predicting  path  loss  in  this  investigation,  the  1972  update  (Longley,  A.  G. , 1973)  of  the  1968 
Computer  Method  of  Longley  and  Rice  of  ESSA  (Longley,  A.  G.,  Rice,  P.  L.,  1968)  was  used.  This  is  essentially 
a computerization  of  NBS  TN  101  (Rice,  P.  L.  et  al,  1968). 

The  path  geometry  used  was  smooth  earth  with  antenna  center  heights  of  fifteen  feet.  Smooth  earth 
was  chosen  as  a general  representation  of  troposcatter  links.  As  the  path  loss  prediction  technique  was  the 
NBS  IN  101,  the  NBS  formulation  of  aperture- to-medium  coupling  loss  was  also  used.  This  aperture-to- 
medium  coupling  loss  formulation  has  no  rigorous  base  in  atmospheric  physics  and  is  not  adequately  supported 
by  data  in  the  range  of  path  lengths  typical  of  tactical  troposcatter  links.  Also,  there  exists  some 
question  of  how  much  interrelation  exists  between  the  path  loss  predictions  and  the  predicted  aperture-to- 
medium  coupling  loss  due  to  a tendency  for  short  paths  to  use  small  antennas  and  long  paths  to  use  large 
antennas.  This  possible  ambiguity  will  be  investigated  in  the  test  program  to  be  detailed  later  in  this 
paper . 


3.3  Limitations  of  the  Prediction  Technique 

The  predictions  madt-  for  the  three  TRC-170  sets  are  representative  of  the  most  accurate  predictions 
possible  at  the  present  time  with  the  physical  measurements  which  have  been  made  and  the  theoretical  analysis 
which  has  been  performed.  There  are  several  factors  which  are  subject  to  uncertainty. 

All  of  the  multipath  spread  observations  available  to  base  the  predictions  come  from  two  paths  at 
RADC.  As  there  is  no  broad  empirical  data  base  from  which  a valid  multipath  prediction  model  may  be  formu- 
lated, utilization  of  the  prediction  technique  on  a wide  variety  of  paths  is  of  limited  validity. 

It  was  assumed  that  the  statistics  of  multipath  spread  width  and  path  loss  variability  are  independ- 
ent. Initial  experimental  observations  indicate  that  this  assumption  may  not  be  particularly  valid, 
especially  on  a short  term  basis.  Reasonably  high  short  term  correlation  between  these  fluctuations  has 
been  observed  on  the  RADC  path  although  the  long  term  correlation  appeared  to  be  low.  Additional  data  is 
needed  to  validate  the  assumption  made  in  the  model  that  the  hourly  median  values  of  path  loss  and  multipath 
spread  are  independent. 

Also,  questions  exist  concerning  the  magnitude  of  the  aper ture-to-meaium  coupling  loss  portion  of  the 
path  loss  present  on  path  lengths  of  interest  in  the  tactical  situation.  The  NBS  method  predicts  aperture- 
to-medium  coupling  loss  which  increases  with  path  length  while  the  CCIR  method  gives  one  value  of  loss, 
determined  entirely  by  antenna  gain,  which  is  independent  of  path  length  (although  there  is  a definite 
tendency  for  the  size  of  antennas  employed  on  a path  to  be  related  to  the  length  of  the  path).  Although  both 
methods  predict  nearly  the  same  loss  for  long  paths,  there  exists  a significant  difference  in  their  pre- 
dictions at  short  range.  The  CCIR  method  predicts  up  to  5 dB  more  k.  ss  for  path  lengths  and  antenna  sizes 
typically  encountered  on  tactical  troposcatter  links.  This  disagreement  leads  to  about  a 20  mile  uncertainty 
in  the  predicted  range  of  the  equipment  for  path  lengths  in  the  vicinity  of  100  miles. 
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4.0  PROPOSED  EXPERIMENTAL  PLAN 

While  complete  specification  of  the  above  parameters  for  all  path  configurations  and  all  climate 
types  would  require  an  extenalve  program  of  data  collection,  It  la  felt  that  certain  specific  data  will 
allow  reasonable  preliminary  predictions  to  be  made  using  generalized  prediction  models.  The  most  urgently 
needed  data  la  for: 

1.  Long  paths  with  small  (8  and  IS  foot)  antennas 

2.  Short  paths  where  diffraction  effects  predominate 

3.  Terrain  obstructed  paths  with  large  scattering  angles 

4.  Obstacle-gain  diffraction  paths 

5.  Paths  of  all  types  In  other  than  contlnantal  temperate  climate 

The  test  program  outlined  in  this  paper  la  Intended  to  Illustrate  the  type  and  level  of  effort 
required  to  gather  data  pertinent  to  the  AN/TRC-170  program  as  well  as  other  programs  Involving  high  data 
rate  digital  troposcatter  equipment.  Currently,  there  are  no  plana  to  perform  these  teBts.  The  teat  plan 
is  offared  rathar  to  Identify  a need. 

The  neceaaary  measurements  may  be  performed  using  military  troposcatter  equipment  In  current 
Inventory  appropriately  modified  to  accomodate  RAKE  measurements.  A likely  candidate  for  such  modification 
would  be  an  AN/TRC-132  which  is  a 10  Kw  terminal.  With  appropriate  modifications.  It  can  be  used  to  acquire 
multipath  spread  and  aperture-to-medum  coupling  loss  data  on  a variety  of  paths  representative  of  tactical 
troposcatter  llnka,  in  climate  types  typical  of  potential  deployments.  A suggested  equipment  configuration 
for  thia  experimental  work  is  shown  In  Figure  10.  The  equipment  is  not  operated  In  Its  normal  diversity 
configuration.  Only  two  receivers  are  used.  The  IF  output  of  one  of  these  receivers  feeds  a nariowband 
LW  receiver  while  the  other  output  feeds  either  a RAKE  multipath  analysis  receiver  or  a narrowband  CW 
receiver. 

Multipath  spread  measurements  are  made  using  the  RAKE  equipment.  Aperture-to-medium  coupling  loss 
measurements  are  made  by  measuring  the  narrowband  path  loss  using  a small  (3  foot)  reference  antenna  on  one 
frequency  and  a typical  (8  or  15  foot)  tactical  troposcatter  antenna  on  an  adjacent  frequency.  The 
reference  antenna  Is  so  small  that  It  will  suffer  virtually  no  aperture-to-medium  coupling  loss.  Therefore, 
the  difference  In  the  signal  levels  received  on  the  two  antennas  may  be  used  to  characterize  the  effective 
gain  of  the  larger  antenna.  Comparison  of  this  effective  gain  with  the  free-space  gain  difference  between 
the  antennas  gives  an  estimate  o>.  the  aperture-to-medlum  coupling  loss.  Two  closely  spaced  frequencies  are 
used  to  allow  measurement  of  two  distinct  paths  simultaneously  and  are  not  Intended  to  provide  or  measure 
any  sort  of  diversity  effects. 

The  data  processing  for  this  experiment  would  Involve  the  calculation  of  the  difference  between 
the  short  term  means  of  the  signal  levels  on  the  large  aperture  link  and  the  reference  link  when  both  links 
are  operated  In  the  CW  mode.  Statistics  may  be  complied  on  aperture-to-medlum  coupling  loss  based  upon 
this  difference  In  short  term  means.  The  RAKE  equipment  would  be  operated  with  the  large  aperture  antennas 
to  determine  the  multipath  spread  seen  by  such  apertures . R c levant  atatlatlca  will  be  generated  to  charac- 
terize the  multipath  and  Doppler  spreading  as  the  data  la  acquired. 

Desirable  meteorological  support  would  Include  observations  of  wind  speed  and  atmospheric  re- 
fractlvity  In  the  vicinity  of  the  common  volume.  If  possible,  the  use  of  an  aircraft  equipped  with  a 
microwave  ref ractometer  would  provide  fine  scale  atmospheric  structure  Information  which  would  be  very 
useful  In  refining  a multipath  prediction  model  for  troposcatter  links. 

4.1  Test  Plan 

To  provide  sufficient  data  to  muke  a significant  Improvement  In  the  data  base,  the  following  test 
program  Is  suggested.  As  a minimum,  measurements  should  be  made  on  the  following  paths: 

1.  A long,  average  terrain,  temperate  test  path 

2.  A moderate,  average  terrain,  temperate  test  path 

3.  A short,  diffraction,  temperate  test  oath 

4.  A short  test  path  In  mountainous  terrain 

5.  A long  test  path  in  the  desert 

6.  A short  test  path  in  the  desert 

These  suggested  test  paths  will  provide  data  for  a variety  of  conditions  anticipated  on  operational 
troposcatter  paths.  These  are  a practical  minimum  of  teat  paths  - much  more  data  would  be  helpful. 

The  three  temperate  climate  test  paths  will  provide  the  data  for  long  paths  with  small  antennas, 
for  moderate  length  paths  and  for  short  paths  where  diffraction  effects  predominate.  The  intermediate 
length  path  la  Included  to  provide  needed  aperture-to-medlum  coupling  loss  data  as  well  an  reinforce  the 
data  base.  The  long  and  short  paths  will  provide  entirely  new  multipath  and  aperture-to-medium  coupling 
loss  Information. 

Data  for  terrain  obstructed  paths  with  large  scattering  angles  and  for  obstacle-gain  diffraction 
paths  will  be  obtained  on  the  specified  short  test  path  In  mountainous  terrain.  The  two  desert  paths  will 
provide  data  for  what  la  thought  to  be  the  most  difficult  climate  type  for  digital  transmission  due  to  the 
eapactad  wide  variability  In  signal  level  and  large  multipath  spread. 

While  measurements  in  other  climatic  regions,  particularly  those  known  for  frequent  surface  and 
alavatad  duct  formation,  would  provide  significant  and  Important  Information,  It  Is  felt  that  what  has 
been  described  Is  a minimum  measurement  program.  It  la  anticipated  that  data  would  be  obtained  at  only 
one  frequency  and  one  polarisation.  The  propagation  characteristics  under  Investigation  are  quite  uniform 
across  the  band  of  Interest  end  lneenaltive  to  antenna  polarization. 
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An  a .alnlmum,  nnasuivnent*  on  these  paths  ahould  lt»  ujc  both  during  luwi  and  winter  ssnithe  and, 
(or  statistically  significant  data,  obaarvatlon  parloda  ahould  ba  at  laaat  JO  daya  long  and  ahould  Include 
au(flciant  obaarvatloua  to  aatabllah  the  diurnal  behavior  of  the  path. 

S.O  CONCLUSION 

In  thla  paper.  It  haa  bean  ah own  how  a taat  program  waa  need  to  characterlae  the  Multipath 
characteristic*  of  the  tropoaeattar  medium  aa  an  aid  to  tha  design  of  high  data  rata  digital  troposcatter 
equipment.  Given  the  llaUtatlons  of  physically  realisable  Modena , the  question  of  predicting  the  perfor- 
mance of  tropoaeattar  communication  systems  utilising  them  on  postulated  paths  arises.  While  nuch  experi- 
ence In  predicting  performance  of  narrowband  tropoaeattar  links  exists,  the  adaptive  modems  of  high  speed 
digital  tropoaeattar  equlpawnt  Introduce  the  new  variable  of  multipath  spread  width.  Before  accurate  pre- 
diction models  can  ba  formulated,  a representative  data  baae  Is  necessary.  Given  such  a data  baas,  It  may 
be  used  to  refine  a multipath  apread  prediction  sudal  baaed  upon  observable  physical  and  meteorological 
parameters  of  the  path.  Within  thesa  limitations,  the  prediction  model  described  In  this  paper  may  be 
used  as  an  aid  In  the  selection  of  paths  and  appropriate  equipment  to  provide  reliable  high  speed  digital 
transmission. 
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PATH  PARAMETERS 
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NOTE  : TO  ASSESS  EXPERIMENTAL  VARIABILITY  , TWO  RECEIVERS 

WERE  USED  FOR  SOME  TESTS.  THESE  RESULTS  ARE  BRACKETED 
AND  THE  RECEIVER  NUMBER  IDENTIFIED 

TABIX  2 
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ESTIMATED  MULTIPATH  SPREADS  FROM  CORRELATION  BANDWIDTH  MEASUREMENTS 


PATH /PERIOD 

ANTENNA  SIZE, 
ELEVATION  £ (DEG) 

DISTANCE 
ST.  Ml. 

ESTIMATED  2<r  SPREAD  ms  1 

10% 

50% 

90% 

GAINSVILLE  TO 
ORLANDO, FLA 

14  MAY- 15  JUNE  62 

12*  ,0*:  0* 

100 

.41 

.24 

.14 

TOBYHANNA , PA  TO 
FORT  MONMOUTH, NJ 
OCT  66-  JAN  67 

FEB  68  - JULY  68 

15' \ 

lo-  — ; 

93 

.12 

.082 

.054 

YOUNGSTOWN  TO 
ONTARIO  CENTER 
SUMMER  69 
OCTOBER  69 

WINTER  70 

AVERAGE 

10', 0.025; -0.124 

86.9 

0.17 

0.17 

0.23 

N.A.* 

0.12 

0.098 

0.14 

0.1  1 

0.065 

0.065 

0.047 

N.A. 

YOUNGSTOWN  TO 
WHITFORD  FIELD 
SUMMER  69 
NOVEMBER  69 
AVERAGE 

I0‘.  0.049, 0.865 

123.7 

0.27 

0.26 

N.A. 

0.20 

0.18 

0.  19 

0.12 

0.087 

N.A. 

YOUNGSTOWN  TO 
POINT  PETREt 
SEPTEMBER  69 
WINTER  70 
AVERAGE 

<0‘,-0.034;- 0.059 

101.5 

0.19 

0.20 

N.A 

0.11 

0.093 

0.10 

0 069 
0.069 
N.A. 

YOUNGSTOWN  TO 
PORT  BYRON 
FEBRUARY  70 

I0',0.049;-0.0I0 

1 19 

0.25 

0.14 

0.076 

•N.A. -DATA  NOT  AVAILABLE  'OVERWATER  PATH  (LAKE  ONTARIO) 
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GENERALIZED  MODEM  CURVE  DUAL  DIVERSITY  MODEM  7 OMhz  BW,  2.048Mb/S 
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FIGURE  7 


GENERALIZED  TIME  AVAILABILITY 
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PROPOSED  APERTURE-TO-MEDIUM  COUPLING  LOSS  EXPERIMENT 
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and 
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SUMMARY 


This  paper  presents  the  results  of  propagation  measurements  on  a trans-horizon  UHF  path.  The 
path  was  a 287  km  forward  scatter  link  between  Southern  Germany  and  Northern  Italy,  traversing  the  Swiss 
Alps.  Measurements  were  carried  out  during  the  period  January  to  June  1977.  The  results  illustrate 
the  large  variation  in  propagation  characteristics  caused  by  a diurnally  fluctuating  mixture  of  tropo- 
scatter  and  diffraction  propagation.  Received  signal  level  predictions  based  on  a detailed  topographic 
analysis  of  the  test  link,  and  measured  data  were  shown  to  be  in  reasonable  agreement.  Frequent  periods 
of  rapid  fading  attributed  to  aircraft  passage  through  the  scatter  volume  were  noted  and  data  is  presented 
which  characterized  aircraft  passage  events  according  to  their  signal  level  and  differential  delay  profiles. 

1 . INTRODUCTION 

A long  term  test  program  was  carried  out  as  a cooperative  effort  between  the  Defense  Communications 
Engineering  Center  (DCEC)  and  the  SHAPE  Technical  Center  (STC)  for  the  purpose  of  obtaining  performance 
data  on  multimegabit  digital  transmission  systems  operatino  over  communications  grade  troposcatter  links. 
Testing  was  accomplished  between  January  and  August  1977  over  two  NATO  forward  scatter  links  in  Central 
Europe  on  which  a prototype  digital  troposcatter  transmission  system  was  installed.  (Ref.  1) . This  paper 
summarises  the  propagation  data  taken  on  one  of  the  links  and  discusses  the  communications  related  aspects 
of  UHF  propagation  over  a highly  mountainous  transhorizon  path. 

Major  design  parameters  of  the  UHF  test  link  are  given  in  Table  1 and  a path  profile,  obtained 
from  system  installation  records,  is  shown  in  Figure  1.  Feldberg,  the  northern  terminus  of  the  link, 
is  located  on  the  highest  mountain  in  the  Black  Forest  about  24  km  north-east  of  Todtnau,  Germany.  The 
actual  site  is  located  near  the  top  of  the  mountain  at  an  altitude  of  1470  metres  above  sea  level.  Dosso 
dei  Galli  is  the  southern  terminus  and  is  located  on  one  of  the  peaks  in  the  Italian  Alps,  approximately 
50  km  north  of  Brescia,  Italy.  The  altitude  of  Dos:  o dei  Galli  is  2175  metres  above  sea  level. 


Feldberg 

Dosso  Dei  Galli 

Station  Codes 

AEFZ 

IDGZ 

Altitudes  (m) 

1470 

2175 

Horizon  Angles  (°) 

-0.06 

0.60 

Antenna  Sizes  (m) 

27 

27 

Great  Circle  Distance  (km) 

287 

Nominal  Power  Output  (kw) 

4 

Nominal  Frequency  (MHz) 

900 

Diversity 

quad 

( space/ f requency ) 

Table  1.  Major  Test  Link  Characterist ics 

2.  MEASURED  PROPAGATION  CHARACTERISTICS 

2.1  Measured  Received  Signal  Level  ( RSI.)  Statistics 


The  RSL  of  all  active  receivers  was  measured  at  100  msec  Intervals  with  median  values  computed 
on  the  basis  of  20  minute  runs.  Calibrations  were  made  at  least  once  per  day  to  maintain  a measurement 
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eiror  of  less  than  1 dB  and  were  referenced  to  tha  termination  of  the  antenna  feeds  In  the  RF  equipment 
room. 

Distributions  of  20-minute  median  RSLs  for  each  of  the  four  diversity  receivers  are  presented 
in  Figure  2.  Figure  2 includes  all  data  taken  during  three  measurements  periods  - 24  January  - 25  February, 
2 April  - 4 Hay  and  15  Hay  - 5 June.  Although  not  shown  in  Figure  2,  each  of  the  three  measurement 
periods  produced  slightly  different  cumulative  RSL  distributions.  In  Period  1,  the  largest  difference 
was  noted  between  the  RSL  distributions  of  the  four  receivers.  The  long  term  median  RSL  of  Receiver  3 
(RXJ)  was  about  10  dB  higher  than  those  of  RXl  and  RX2  which,  in  turn,  were  6 dB  higher  than  the  long 
tens  median  RSL  of  RX4.  It  was  also  noted  that  the  standard  deviation  of  RX4  was  considerably  larger 
than  those  of  the  other  receivers.  The  same  general  trend  was  observed  in  Period  2,  but  the  spread  of 
medians  descreased.  Thi*  development  continued  into  Period  3 where  the  long  term  median  RSLs  of  RXl  and 
RX3  became  approximately  equal  while  the  median  RSL  of  RX2  continued  to  be  weaker  and  approached  that  of 
RX4.  The  median  path  loss  for  RX4  remained  very  nearly  constant  through  the  three  periods,  while  the 
pa tii  loss  for  R/3  increased  nearl/  6 dB  between  February  to  Hay. 

For  all  20  minute  runs,  the  short  term  distributions  of  100  msec  RSL  samples  were  calculated  for 
all  receivers  ir  use.  Representative  short  term  RSL  distributions  are  shown  in  Figure  3(a)  and  3 (b) . 

Also  shown  for  reference  is  a cumulative  distribution  for  an  ideal  Rayleigh  fading  signal  having  the  same 
mean  power  . In  Fig.  3 (a),  which  was  obtained  during  an  active  fading  period,  the  distribution  of  the 
signal  level  measured  in  RX4  agrees  moderately  well  with  the  Rayleigh  distribution,  except  at  the  higher 
percentages  However,  the  fading  range  of  the  other  receivers  is  much  smaller  than  expected  for  a scatter 
signal.  In  Figure  3 (b) , which  was  obtained  during  one  of  the  more  frequent  shallow  fading  periods,  the 
fading  range  of  all  four  receivers  is  significantly  less  than  that  of  the  Rayleigh  distribution  which 
indicates  the  presence  of  specular  components  in  the  received  signals,  paiticularly  in  RX4 . 

To  illustrate  the  long  term  variation  of  the  fading  range  as  well  as  the  correlation  between  fading 
tunge  and  median  RSL,  two  scatter  plots  were  produced.  These  plots  are  shown  in  Figur«  4 and  5 for  RX3  and 
RX4,  respectively,  and  include  all  data  from  the  first  measurement  period.  In  these  figures  on  the  standard 
deviation  normalised  to  the  mean  of  the  RSL  has  been  taken  as  a convenient  measure  for  the  fading  range. 

For  a Rayleigh  fading  signal  0n  is  equal  to  zero  dB. 

From  these  figures,  it  is  apparent  that  for  both  the  highly  specular  channel  (RX3)  and  the 
apparently  Rician  channel  (RX4) , the  standard  deviation  on  was  essentially  uncorrelated  with  the  median 

RSL  measured  in  the  appropriate  receiver.  Thus  periods  of  strong  fading  were  almost  equally  likely  to 
occur  at  high  or  low  median  RSLs.  Furthermore,  with  the  exception  of  a few  occasions,  the  RSLs  of  all 
diversity  receivers  proved  to  be  essentially  decorrelated. 

2.2  Fade  Rate 

He^  fade  rate  data  as  measured  over  nominal  20  minute  runs  in  the  first  period  are  shown  in 
Figures  6 (a)  and  6 (b)  for  all  four  receivers.  Figure  6 (a)  presents  this  data  as  a histogram  which  has 
been  smoothed  for  illustrative  purposes.  Of  interest  in  this  fiqure  are  the  observations  that,  for  all 
receivers  large  periods  of  essentially  no  fading  were  measured  and  also  that  the  distribution  for  RX2  and 
RX4  show  two  peaks.  This  is  most  apparent  in  the  case  of  RX4 . This  distribution  is  seen  to  have  a primary 
peak  near  0.0  Hz  and  a secondary  peak  at  approximately  0.2  Hz.  This  further  supports  other  measured  data 
which  indicate  that  RX4  and  possibly  RX2  are  composite  channels  with  scatter  and  specular  components.  These 
components  alternatively  dominate  at  various  times  during  the  tests.  The  curves  for  RXl  and  RX3  indicate  that 
essentially  specular  signals  were  observed  in  these  receivers  throughout  the  first  UHF  measurement  period. 

In  Figure  6 (b) , these  measurements  are  presented  as  cumulative  distributions.  From  this  figure,  it  is  seen 
that  median  values  for  the  fade  rate  range  from  0.2  Hz  for  RX4  to  essentially  0.0  Hz  for  RXl.  For  Rayleigh 
fading  channels  it  is  possible  to  estimate  the  RMS  doppler  spread  by  multiplying  the  mean  fade  rate  by  1.4, 
resulting  in  a median  RMS  doppler  spread  of  0.28  Hz  for  RX4 . This  value  is  consistent  with  the  value  of  RMS 
doppler  measured  on  other  UHF  troposcatter  paths  of  similar  length. 

In  addition  to  the  normally  observed  fade  rates,  periods  of  faster  fading  occurred.  These  periods 
were  ascribed  to  situations  where  reflected  signals  from  aircraft  traversing  the  scattering  volume  mixed  with 
the  normal  propagation  components.  This  area  will  be  discussed  in  more  detail  later  in  this  paper. 

2.3  Measured  Dispersion  Statistics 

The  prediction  and  measurement  of  multipath  dispersion  is  especially  important  on  digital  forward 
scatter  links  since  multiplath  dispersion  can  strongly  affect  the  quality  of  commun i cat  ions . The  model 
developed  by  Bello  (Ref.  2)  to  estimate  troposcatter  multipath  dispersion  has  been  found  to  reasonably 
portray  multipath  dispersion  on  medium  and  lorn,  troposcatter  paths.  Bello  postulates  a function  called 
the  Delay  Power  Spectrum  which  he  defines  as  the  ensemble  average  of  the  time  varying  troposcatter  channel 
impulse  response.  The  basic  shape  of  the  delay  power  spectrum  as  derived  by  Bello  is  represented  closely 
by  a gamma  function  with  climatic  and  tooographic  parameters  accounting  for  the  speciftc  shape.  As  such, 
the  model  indicates  a smooth  decrease  in  received  power  as  a function  of  increasing  path  delay.  A quantity 
called  <S  , which  represents  the  2 o or  the  double  sided  RMS  width  of  the  Delay  Power  Spectrum,  is  normally 
used  to‘ characterise  the  amount  of  dispersion  on  a troposcatter  link. 


where  Q < T ) is  the  normalised  Delay  Power  Spectrum  and  represents  the  mean  received  power  due  to  excitation 
by  an  impulse  function,  evaluated  at  a specific  delay,  T. 


As  the  Qlx)  is,  In  itself,  a long-term  time  varying  quantity  and  a function  of  large  scale 
meteorological  changes,  so  is  6S.  In  view  of  this,  predictions  were  made  for  median  and  "worst  cast** 
values  of  £s.  The  median  value  of  Ss  was  estimated  using  a normalised  effective  earth  radius  IK)  of  1.13 
uui  a "worst  case"  6S  was  estimated  using  a K of  .66,  which  was  selected  based  upon  data  obtained  from 
Panter  (3)  and  from  Grcsskopf  (4).  Panter  indicates  that  values  of  K on  the  order  of  .t*  can  be  expected 
as  a worst  month  med.an  value  in  Europe  whereas  the  measurements  by  Grosmkoof  show  that  a value  K^  1 does 
not  occur  more  frequently  than  0. U of  the  time.  The  predicted  values  of  <Ss  ate  listed  in  Table  2. 


ft  Elevation  angle  in  antenna  bearawidths  above  the  standard  radio  horizon 


Table  2.  Predicted  Multipath  Dispersion 


Direct  measuremer. t of  multipath  dispersion  was  not  possible  due  to  the  unavailability  of  a RAKE 
">ul tipath  analyser.  However,  a dispersion  monitor  derived  from  adaptation  signals  developed  in  the  digital 
troposcatter  modem  used  duiing  the  tests  provided  an  approximate  but  real-time  indication  of  the  multipath 
spread.  The  dispersion  monitor  output  voltage  was  translated  into  values  of  using  calibration  curves 
obtained  via  a troposcatter  channel  simulator  prior  to  the  test.  The  dispersion  monitor  proved  to  have  a 
usable  dynamic  range  tn  .‘9  from  100  nsec  to  500  nsec. 

Since  the  dispersion  monitor  indicates  total  dispersion  and  is  affected  by  contributions  from 
all  functioning  diversity  receivers,  only  data  collected  in  a non-diversity  configuration  can  unambiguous 1 y 
characterise  the  multipath  dispersion  of  a single  prooagat ion  channel.  Single  receiver  5 data  was 
collected  and  compared  with  both  median  RSL  and  standard  deviation  c»n  as  compute!  over  20~minute  test  runs. 
Neql  i<3 ible  correlation  was  noted  between  either  median  RSL  and  6 or  o and 

s n * 

Figures  7 (a)  and  7 (b)  present  cumulative  distributions  of  6 obtained  during  the  first 
measurement  period  for  both  single  receiver,  RX4 , and  dual  space  diversity  configurations  As  seen  in 
Figure  7 la),  the  median  value  of  5 measured  in  RX4  was  approximately  155  nsec,  with  a 10*^  percentile 
value  of  105  nsec  and  a 90th  percentile  value  of  200  nsec.  Dispetsion  data  obtained  from  K\2  indicated 
much  less  dispersion,  while  data  on  RXl  and  RX3  further  confirmed  their  essentially  specular  nature.  The 
dual  diversity  (RX2  ♦ RX4)  measurements  indicated  a measured  median  <5  that  was  approximately  85  nsec  larger 
1240  nsec)  than  that  measured  with  RX4  alone.  The  10*  and  90th  percentile  measured  values  for  IRX2  ♦ RX4) 
were  185  nsec  and  320  nsec,  respetively. 

Short  term  (100  msec)  correlations  between  dispersion  monitor  output  and  the  diversity  RSLs  wete 
calculated  for  each  20-minute  run.  Generallv,  this  correlation  was  0.3  or  less.  An  exception,  however, 
ac  iuevov*  during  aircraft  fading  where  much  stronger  correlations  ( .6  to  v*»t>»  measured. 

Based  on  the  measured  RSL,  fade  rate,  and  «$s  dat«_,each  of  the  four  diversity  receivers  appeared 
to  be  dominated  by  different  combinations  of  two  distinct  propagation  modes  where  each  combination  is 
characterised  by  a different  overall  propagation  delay.  Knowing  this,  it  is  viseful  to  explore  the  resultant 
multipath  dispersion  after  diversity  combining.  This  situation  would  be  equivalent  to  the  dispersion 
actually  seen  by  a digital  troposcatter  modem  in  a diversity  configuration  on  this  path.  From  the  measured 
data,  it  was  concluded  that  for  dual  diversity,  RXl  ♦ RX*,  the  combined  dispersion  was  only  slightly  latger 
than  the  dispersion  of  the  individual  receivers  for  most  of  the  time  whereas  i i dual  diversity.  RX.'  ♦ R\4 , the 
combined  dispersion  was  significantly  higher.  This  observation  further  confirms  that  RX4  was  heavily 
Influenced  by  troposcatter  propagation  while  RX2  only  occasionally  had  a troposcatter  component. 

3.  PROPAGATION  ANALYSIS 

3.1  Analysis  of  Received  Signal  Statistics 

A comparison  between  the  predicted  RSL  distribution  and  the  corresponding  measured  results 
summarised  in  Figure  2 st  *ws  that,  while  there  is  good  overall  agreement  between  the  predicted  RSL 
distribution  calculated  using  the  method  developed  by  the  NBS  (5)  and  measurements  for  RX4 , significant 
differences  exist  between  both  the  NBS  me t hod , and  measured  data  for  the  other  receivers.  With  the 
exception  of  RX4,  the  measured  long  term  median  RSLs  for  all  other  receivers  tended  to  be  higher  than 
predicted  and  the  standard  deviations  smaller.  This  effect  is  most  pronounced  for  RX*.  An  Interesting 
corollary  observation  is  that  the  long  term  standard  deviation  of  RSL  is  higher  for  RX4  and  lowest  foi 
RX3.  Short  term  RSL  distributions,  such  «»»  those  previously  shown  in  Figure*  3 (a)  and  (b)  , support  this 
observation.  Fade  rate  data  for  the  diversity  receivers  further  confirms  the  nearly  specular  nature  of 
RXl  and  RX  * and  the  specular/scat  ter  composition  of  RX2  and,  roost  significantly,  RX4 . 
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It  can  be  concluded  from  these  observations  that  at  least  one  specular  or  non-fading  signal  was 
present  in  addition  to  the  troposcatter  component  in  all  four  receivers.  This  specular  signal  was  measured 
as  having  different  and  time  varying  intensities  in  the  four  receivers.  For  roost  of  the  time,  RX3  was 
dominated  by  the  specular  signal,  while  RX4  tended  to  have  the  laigest  presence  of  the  troposcatter  signal. 
The  other  two  receivers  had  about  the  same  ratio  of  specular  and  scatter  signal  power  which  was  slightly 
less  than  RX3  but  much  greater  than  RX4 . 

Estimation  of  the  power  ratio  between  the  specular  and  scatter  signal  components  in  each  of  tin 
diversity  receivers  is  difficult  since  the  wideband  signal  normally  transmitted  during  the  tests  was  subject 
to  frequency  selective  fading.  Frequency  selective  fading  can  cause  the  measured  short  term  RSL 
distribution  to  display  a fading  range  which  is  less  than  that  which  would  be  measured  with  flat  fading. 

However,  if  a narrowband  signal  (defined  as  having  an  effective  bandwidth  (BW)  much  less  than  the 
frequency  correlation  bandwidth)  is  transmitted  instead  on  this  link,  the  received  signal  would  accurately 
reflect  actual  propagation  conditions.  In  this  case,  the  relative  powers  of  the  specular  and  fading 
components  can  be  determined  unambiguously  from  the  ratio  of  standard  deviation  to  mean  of  the  received 
signal.  The  derivation  of  the  separation  procedure  used  is  given  in  Appendix  A. 

To  examine  possible  diurnal  influences  on  the  specular/scat ter  character ist ic  of  this  path, 
received  signal  levels  in  RX2  and  RX4  using  a 100  kHz  BW  FM  transmitted  signal  instead  of  the  wideband 
digital  signal  (7  MHz  BW)  were  recorded  for  20  consecutive  hours  on  6 and  7 May.  This  recording  was 
procesred  using  the  procedure  derived  in  the  Appendix  A to  separate  the  specular  and  scatter  component 
powers.  The  result,  summarized  in  Figure  8,  shows  the  received  power  for  each  signal  component  as  a function 
of  local  time.  The  diurnal  variation  in  scatter  and  specular  powers  measured  in  RX4  is  the  roost  interesting. 
As  seen  in  this  figure,  the  composition  of  RX4  was  highly  variable,  with  the  scatter  component  ranging  from 
2 to  6 dB  below  the  specular  component  for  much  of  the  day.  However,  between  0000-0200  and  during  the 
early  morning  hours  of  0500-0730,  the  scatter  component  approached  the  intensity  of  the  specular  component 
and  occasionally  exceeded  it. 

The  physical  phenomenon  responsible  for  this  lather  unusual  propagation  behaviour  lias  not  been 
positively  identified.  Part  of  the  explanation  may  lie  in  the  existence  of  a double  diffraction 
propagation  mode  not  previously  expected.  In  fact,  as  seen  in  Figure  2,  the  largest  RSLs  of  all  four 
receivers  approximate  Millingtot  ' s (Ref.  6)  diffraction  predictions  based  on  double  knife  edge  diffraction 
quite  closely.  However,  knife  edge  diffraction  alone  does  not  explain  the  large  differences  in  the  median 
RSLs  measured  between  the  four  diversity  receivers. 

In  order  to  gain  still  further  insight  into  the  propagation  characteristics  of  the  test  link,  it 
was  necessary  that  a more  detailed  description  of  the  link  topography  be  obtained.  This  was  accomplished 
by  using  computerised  LANDSAT  topographic  data.  The  result,  a refined  path  profile,  is  shown  in  Figure  8. 
Figure  9 reveals  a highly  variable  -errain  structure  not  previously  apparent  in  Figure  1 and  confirms  that 
double  knife  edge  diffraction  would  likely  be  the  dominant  propagation  mode  for  a significant  percentage 
of  time.  It  follows  from  inspection  of  Figure  9,  that  significant  variations  may  also  occur  over  a 
cross-section  of  terrain  subtended  by  the  main  beam  of  the  link  antennas . To  explore  the  significance  of 
this,  another  path  profile  was  constructed  which  indicates  the  minimum  terrain  altitude  within  the  main 
beam  of  the  link  antennas.  This  profile  is  shown  in  Figure  10.  A comparison  with  Figure  9,  indicates 
that  the  propagation  obstacles  shown  in  Figure  10  are  fewer  and,  more  importantly,  that  the  topographic 
structure  is  different.  Given  the  narrow  beamwidth  of  the  link  antennas,  the  precise  path  profile  is 
expected  to  be  very  sensitive  to  antenna  pointing.  Thus,  depending  on  the  actual  antenna  pointing  and 
prevailing  me  t eo  Balog  i cal  conditions,  the  actual  path  profile  is  likely  to  be  significantly  different  from 
the  ^.oarse  profile  shown  in  Figure  1 Further,  of f-bore sight  diffraction  combined  with  possible  reflections 
from  near-vertical  alpine  mountain  slopes  could  give  rise  to  strong  specular  components  which  will  differ 
in  strength  from  one  diversity  path  to  another.  Such  specular  components  would  have  different  transmission 
delays  than  the  troposcatter  component  and,  as  discussed  below,  also  contribute  significantly  to  the  overall 
multipath  dispersion  of  the  received  signal  in  a diversity  configuration. 

3.2  Analysis  of  Multipath  Dispersion  Statistics 

The  analysis  of  the  measured  multipath  data  from  the  test  link  and  the  comparison  with  predicted 
values  proved  most  interesting.  The  median  value  for  the  2c  dispersion,  or  6S,  which  was  measured  in  the 
nondiversity  configuration  utilising  RX4  was  155  nsec.  This  value  was  higher  than  the  104  nsec  predicted 
under  median  conditions  at  zero  antenna  elevation  angle  elative  to  the  radio  horizon.  This  larger  value 
may  have  been  due  to  one  of  the  following  causes: 

(a)  The  values  assumed  in  the  prediction  for  the  effective  earth  radius  and  the  slope  of  the 
refractive  index  spectrum  may  be  different  from  the  "median"  values  encountered  luring  the  measurements, 
which  consist  of  only  17  points  all  taken  in  February. 

(b)  The  antenna  may  in  fact  have  pointe  slightly  above  the  horizon,  which  increases  the 
multipath  dispersion  (see  Table  2) . 

(c)  The  specular  component  also  present  in  the  signal  of  RX4  la  it  hough  to  a lesser  degree  than 
on  the  other  receivers)  may  have  caused  an  increase  in  dispersion.  The  measured  increase  of  50  ns  could 
easily  be  explained  by  this  effect  if  the  specular  component  was  due  to  double  knife-edqe  diffraction; 
under  nominal  propagation  conditions  such  a component  was  calculated  to  have  a propagation  delay  that 

is  80  ns  shorter  than  that  of  the  shortest  troposcatter  path. 

The  fact  that  the  90th  percentile  of  the  dispersion  was  also  larger  than  that  predicted  under 
worst  conditions  renders  the  explanation  (a)  above  rather  unlikely.  However,  no  definite  conclusion  could 
be  arrived  at. 

Figure  7 (b)  shows  cumulative  distributions  of  the  multipath  dispersion  measured  in  dual  diversity 


• 1*0  recorded  during  the  first  UHF  test  period. 

The  measured  median  multipath  dispersion  of  210  ns  for  RX2  ♦ RX4  was  approximately  75  ns  larger 
than  that  measured  with  RX4  alone.  The  10th  and  90th  percentile  measured  values  were  IMS  ns  and  .100  ns, 
respectively,  i.e.  HO  and  100  ns  larqor  than  for  RX4  alone.  The  most  likely  explanation  for  the  Increase 
in  dispersion  is  that  the  path  delay  of  the  strong  specular  component  in  the  signal  of  RX2  differed 
markedly  from  the  delay  of  the  signal  of  KX4.  However,  it  is  apparent  from  Figures  5 and  8 that  the  signal 
of  RX4  also  contained  a specular  component  which  had  approximately  the  same  magnitude  as  and  often 
exceeded  the  scatter  component.  If  this  specular  component  had  encountered  the  same  path  delay  as  the 
specular  component  of  RX2 , one  would  expect  a reduction  in  dispersion  for  dual  diversity  rather  than  an 
increase,  since  the  power  of  the  specular  component  in  the  combined  signal  would  be  expected  to  exceed  the 
power  of  the  scatter  component  (see  Appendix  B)  . 

It  therefore  appears  that  at  least  two  specular  components  with  different  path  delays  were 
received,  one  by  RX4  and  one  by  RX2 . This  conclusion  is  of  course  subject  to  the  condition  that  the 
dispersion  monitor  voltage  of  the  modem  was  a reasonably  accurate  indication  of  the  2 o multipath  spread 
also  for  signals  consisting  of  specular  and  scatter  components.  It  should  also  be  pointed  out  that  the 
hypothesis  presented  above  is  based  on  less  than  25  hours  of  measurement,  and  therefore  remains  somewhat 
questionable . 

The  dispersion  measured  in  dual  diversity  on  receivers  1 and  1 was  normally  much  smaller  (see 
Figure  7 (b) ) with  a median  value  of  about  120  ns  or  less.  However,  values  up  to  U0  ns  were  measured 
during  a few  periods,  i.e.  values  approaching  the  larger  values  measured  on  RX2  and  RX4 . 

The  noticeably  larqer  multipath  dispersion  measured  in  dual  and  quad  diversity  conf 1 gurat ions 
over  the  non-diversity  configuration  is  highly  unusual  and  appears  to  lx*  restricted  to  transhorizon 
propagation  over  a mountainous  path.  For  pure  troposcatter  paths,  the  RMS  multipath  dispersion  measured 
under  mul tldl versi ty  conditions  should  equate  to  single  receiver  measurements.  However,  on  the  UHF  test 
link,  the  combination  of  additional  diversity  receivers  added  either  a specular  signal  or  a troposcatter 
signal,  each  possessing  different  transit  times.  Unlike  a pure  troposcatter  path,  a small  increase  in 
the  elevation  of  the  link  antennas  on  this  path  would  actually  reduce  the  multipath  dispersion  since  the 
received  power  of  the  specular  components  would  be  rapidly  attenuated.  Further  increases  in  elevation 
angle  would  then  result  in  more  gradually  increasing  the  RMS  dispersion  since  the  increasing  elevation 
angle  would  cause  greater  differential  troposcatter  delay. 

The  above  discussion  concentrated  on  the  prediction  of  the  median  <Ss.  As  seen  in  Figure  7,  a 
relatively  large  spread  about  the  median  value  of  was  observed.  Measurements  made  on  other  forward 
scatter  links  have  also  Indicated  similar  spreads  about  the  median  value.  Therefore  it  is  useful  to 
compare  the  results  obtained  In  this  test  program  with  the  other  measurements.  Flqure  11  contains  both 
the  <S  di st r ibut ions  obtained  from  the  nondiversity  (RX4)  and  dual  space  (RX2  * RX4)  diversity  measure- 
ments taken  under  this  proram  as  well  as  cunulative  distributions  of  »Ss  measured  on  other  test  links 
(Ref.  7,  8).  The  distributions  shown  in  Figure  11  have  been  normalised  to  their  respective  median  values 
so  that  i direct  comparison  of  variances  can  be  made.  As  seen  in  Figure  11,  the  variability  exhibited 
by  each  of  the  distributions  is  similar.  As  an  example,  the  90**1  and  99**'  percentile  values  of  fls  are 
about  1.4  to  1 .8  times  the  median  (except  for  the  case  of  receivers  l and  which  weie  dominated  by 
specular  components  for  most  of  the  time) . 

1.1  Aircraft  Passage  Events 

In  addition  to  the  major  propagation  modes  displayed  by  the  transalpine  link,  frequent  periods 
of  very  rapid  fading  were  ovserved.  Mean  fade  rates  measured  during  periods  of  rapid  fadinq  ranges  from 
12  to  50  Hz  as  opposed  to  the  .01  to  .1  Hz  measured  during  normal  fading.  Figure  12  is  a sample  of  data 
taken  during  the  aforementioned  periods  of  rapid  fadinq.  The  lower  t rare  in  Fiqute  12  is  the  output  of 
the  logarithmic  amplifier  used  to  measure  RSL.  This  output  is  linearly  related  to  the  diversity  receive! 
RSI.  in  dBm.  The  upper  trace  is  the  output  of  the  dispersion  monitor  which  is  monot onical  1 y related  to  (S„ 

In  nsec.  Foi  aircraft  fading  events,  the  output  of  the  dispei sion  monitor  is  actually  at!  estimate  ot  the 
differential  delay  between  the  normally  incident  signal  and  the  signal  reflected  from  the  aircraft 
fusalage.  Figure  12  is  especially  interesting  since  it  portrays  the  three  different  modes  of  fast  fadinq 
which  were  observed  throughout  the  tests. 


The  first  and  most  frequently  observed  fast  fading  mode,  illustrated  in  Figure  12  (a),  Is 
characterised  by  a varied  but  elevated  (10-20  dB)  short  term  median  RSI.  which  is  normally  symmetrically 
distributed  about  a central  epoch  in  the  passage  event.  Fading  about  the  median  is  relatively  shallow 
(2.5  dB,  peak  to  peak).  Tills  fast  fading  mode  was  denoted  as  A/C  Movie  1 and  results  from  a strong 
reflection  from  single  aircraft  as  it  passes  through  the  scatter  volume.  As  seen  in  Figure  12(a),  during 
A/C  Mode  I the  output  of  the  dispersion  monitor  increases  steeply  as  the  aircraft  enters  t lie  scatter 
volume,  decreases  as  the  aircract  crosses  the  great  circle  path  between  transmlttei  and  receive!  and 
finally  Increases  again  as  the  aircraft  leaves  t lie  scatter  volume. 

The  second  fast  fading  mode,  denoted  A/C  Mode  II,  is  typified  in  Figure  12  (b) . AC  Mode  11 
fading  is  characterised  by  a scintillation  like  appearance  with  no  median  RSI.  increase  and  generally  less 
than  5 dR  variation  about  the  median.  Multipath  dispersion  measurements  made  during  A/C  Mode  ll  events 
generally  Indicate  larger  differential  delays  than  those  measured  during  A/C  Movie  1 events.  It  is  (olt 
that  A/C  Mode  II  results  from  a single  aircraft  reflection  entering  by  a side  lobe  of  one  ot  the  antennas. 

The  third  fast  failing  mode,  called  A/C  Mode  III,  is  seen  in  Figure  12  (c) . A/C  Mode  III  is 
character i sed  by  fast,  deep  fading  (10-20  dB,  peak - to-peak ) with  a large  increase  in  shoi t term  median 
RSI.,  (10-15  dB) . Two  explanations  are  suggested  for  this  phenomena.  The  first  explanation  postulates 
the  reception  of  two  or  more  neat  equal  intensity  reflections,  one  arriving  on  borestght  and  the  othet 
reflecting  from  an  intermediate  region  which  in  within  line  of  sight  of  both  the  aircraft  and  the  antenna. 
As  an  alternative  explanation  proposes  reflections  fiv>m  multiple  aircraft  within  the  scatter  volume,  itself 


T 


the  common  volume  wax  located  in  the  vicinity  ot  Zurich  international  Airport,  this  explanation  is 
conaictoreii  uiore  likely. 

A comparison  ot  the  differential  delay  estimates  measured  durinq  aircraft  passagex  with  estimates 
ot  the  multipath  dispersion  «*a*ured  under  forward  scatter  conditions  indicate  that  generally  larger  delays 
occur  during  aircraft  events.  On  the  UHF  test  link,  differential  delays  of  up  to  four  times  the  median  2o 
multipath  dispersion  were  noted  and  suggest  that  the  performance  of  digital  tropoacatter  systems  will  be 
limited  by  the  occurence  of  ai. craft  passage  events. 

4.  CONCLUSIONS 

The  measured  received  signal  level  statistics  of  the  test  link  was  Influenced  by  a mode  of 
propagation  which  was  initially  not  expected.  As  a result  of  the  highly  variable  terrain,  strong  specular 
signal  components  were  found  to  coexist  with  a scatter  component  in  all  receivers  and  in  fact,  dominate 
certain  diversity  receivers  for  a substantial  fraction  of  time.  During  periods  when  troposcsttsr  was  the 
dominant  mode  of  propagation,  good  agreensnit  was  obtained  between  predicted  and  measured  short  term  RSL 
statistics.  However,  during  periods  of  mixed  specular  and  scatter  propagation,  short  term  RSL  statistics 
varied  considerably  from  one  diversity  receiver  to  another  and  were  consequently  not  predicted  with  any 
accuracy.  * 


The  existence  of  highly  variable  differential  median  diversity  signal  levels  on  the  test  link 
could  cause  a reduction  of  performance  with  digital  transmission  systems  where  a common  control  signal 
based  on  RSL  is  used  to  adjust  diversity  receiver  gaine.  Since  digital  tropoacatter  performance  is 
strongly  related  to  both  RSL  and  dispersion,  adjusting  receiver  gains  on  the  basis  of  RSL  alone  could 
reduce  the  effectiveness  of  lower  power  diversity  paths  having  large  amounts  of  l«x>Ucit  diversity  due  to 
dispersion. 

The  multipath  spread,  <5a,  for  the  UHF  teat  link  was  measured  for  non  and  dual  diversity,  and 
was  found  to  be  larger  than  the  values  predicted  initially.  The  larger  measured  values  are,  at  least 
partially  due  to  the  mixed  mode  propagation  encountered  on  the  test  link. 


Since  the  increased  multipath  dispersion  associated  with  mixed  propagation  modes  can  have 
Significant  influence  on  the  transmission  of  wideband  digital  signals,  it  is  extremely  important  to  be 
able  to  predict  the  possible  occurrence  of  such  modes.  In  the  case  of  the  transalpine  test  link,  the 
path  profile  used  during  engineering  of  the  inplace  analog  system  proved  inadequate  for  this  purpose 
The  measured  data  could  not  be  explained  until  after  a detailed  topographic  analysis  of  the  test  link 
was  accomplished.  As  a result,  it  is  felt  that  a detailed  topographic  analysis  and  available  analog  link 
performance  data  are  extremely  valuable  adjuncts  to  the  design  of  digital  tropoacatter  links  that  traverse 
large  areas  of  mountainous  terrain. 

Aircraft  passaqe  events  resulting  in  rapid  fading  occurred  frequently  throughout  the  test  program 
These  events  could  kxs  classified  into  three  modes  depending  on  the  specific  RSL  and  differential  delays 
treasured  under  normal  forward  scatter  conditions  were  noted. 

APPKNDIX  A 


On  The  Separation  of  a Rice-Fading  Channel  into  a Raylelgh-Fading 
and  a Non-Fading  Component 


This  appendix  derives  a relationship  that  permits  the  power  ratio  between  the  non-fading  and 
the  Rayleigh- fading  components  of  a Rician  fading-signal  to  be  determined  given  a knowledge  of  the  ratio 
of  standard  deviation  to  mean  of  the  con*>oal te  signal. 


The  output  signal  of  a Rician  channel  may  be  thoughtof  as  consisting  of  two  quadrature  Gaussian 
signals  plus  a constant  signal  which  for  convenience  may  be  taken  to  te  in  phase  with  one  of  the  Gaussian 
components  (Ref.  9).  if  the  two  quadiature  components  of  the  Rlciar.  signal  are  denoted  X and  XA,  it 
follow:,  that  Xt  and  X2  are  independent  random  variables  with  density  functions:  1 2 
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where  it  can  be  assumed  without  loss  of  generality  that  ra  » o.  The  powers  of  the  two  quadrature  signals, 
defined  as  Z » X , are  aiso  satistically  independent  random  variables.  The  total  output  ix>wer  of  the 
Rician  channel  is  Z » Z ♦ z 
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By  simple  transformations,  the  density  functions  for  Z^  and  IV,  can  te  shown  to  be: 
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where  U (Z)  is  the  unit  step  function, 


i 0 Z i 0 

U(Z)  *ll  zt  0 


From  (A3),  it  is  easy  to  show  that 
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The  same  results  follow  as  special  cases  of  the  following  calculations  for  Z^. 
Evaluation  of  the  moments  of  Z^  involves  the  following  integral: 
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After  another  substitution  in  which  the  arguments  of  the  exponentials  are  denoted  -u,  the  following 
expression  results: 
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This  integral  is  easy  to  evaluate  for  n equal  to  1 and  2.  The  results  are: 
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Since  Zj  and  Z,  are  independent,  the  mean  and  variance  of  Z are  simply: 
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The  ratio  — of  standard  deviation  to  mean  of  the  Rician  signal  is  therefore 
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Is  the  doalrad  power  ratio  between  the  non-fading  and  the  Ray lelgh-fadlng  component  a.  Solving  for  y,  one 
flnde 
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which  is  the  desired  result. 

Fig.  13  shows  two  curves  representing  the  power  of  the  specular  signal  and  the  power  of  the 
Rayleigh  signal  in  dB  relative  to  the  power  of  the  composite  signal.  These  curves  correspond  to  the 
fractions  y/(l+y)  and  l/U+y),  respectively. 
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APPENDIX  B 

Multipath  Dispersion  for  Mixed-Mode  Propagation 

On  the  UHF  link  the  received  signal  was  composed  of  a scatter  component  and  a specular 
component.  The  path  delay  difference,  t,  between  the  two  components  can  be  shown  to  be  79  ns. 

The  multipath  dispersion,  (S  , (2 o value  of  the  delay  power  spectrum)  for  the  combined  signal 
depends  on  the  ratio  of  specular  to  scatter  component.  6 can  be  calculated,  if  a particular  shape  of 
the  delay  power  spectrum  Is  assumed  for  the  scatter  signaf. 

The  delay  power  spectrum  D(x) , predicted  by  the  Bello  model  can  be  approximated  by: 


where  2a  is  the  multipath  dispersion  of  the  scatter  signal. 
The  mean  m of  x is  given  by: 
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The  delay  power  spectrum,  D (x) , of  the  combined  signal  is  composed  of  D(x)  multiplied  by  the  power, 

P , of  the  scatter  signal  and  a Delta  function  at  x - -i  with  the  power,  P , of  the  specular  component 

(wfth  p ♦ p « 1) . *** 
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The  mean,  m , and  the  standard  deviation,  a , are  then  given  by: 
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combining  equations  B3  and  14  gives: 
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With  these  values  for  the  specular  and  the  scatter  components,  becomes: 
oc2  “ {(l+3y)oJ  > 2 oty  ♦ t2y) 
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The  multipath  dispersion,  6 « 2 a , has  been  calculated  for  the  ranqe  of  multipath  dispersion 

expected  on  the  UHF-link  and  Is  shown  In  Fl§.  14. 

It  can  be  seen  that  the  maximum  Increase  In  multipath  dispersion  caused  by  the  specular 
component  Is  about  70  ns.  As  expected  the  multipath  dispersion  of  the  combined  signal  Is  actually  less 

than  that  of  the  scatter  component  for  large  ratios  of  P /P 

sp  sc 
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USE  OF  PSEUDO-ORTHOGONAL  CODES  IN  RANDOM  MULTIPATH 
CHANNELS 
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SUMMARY 


Impulse  response  time  in  multipath  channels  such  as  ionospheric  channel  or  VHF  links,  is  an 
important  limitation  of  bit  rate  in  digital  information  transmissions.  These  transmission  problems 
may  be  solved  by  use  of  information  coding,  code  vectors  being  characterised  by  good  aperiodic 
correlation.  Such  codes  are  called  pseudo-orthogonal  codes. 

Use  of  pseudo-orthogonal  codes  allows  to  obtain  increase  of  bit  rate  while  a very  low  error  ratio 
is  guaranted. 

The  present  paper  has  pseudo-orthogonal  codes  classification  and  codes  const  ruction  algorithms . 

These  codes  have  been  used  in  multipath  ionospheric  channel  transmissions.  Errors  in 
particular  path  caused  by  interference  of  the  other  propagation  modes  are  corrected  for  by  the 
redundancy  introduced  bv  pseudo  orthogonal  codes.  Furthermore  the  multiple  paths  can  be 
considered  to  be  functionning  as  sources  repeating  message  and  may  be  analysed  by  using  the 
same  codes. 

Optimum  receivers  are  selected  according  as  one  or  more  than  one  path  are  treated  at  reception  : 
theyare  defined  in  studying  the  probability  of  error. 

Probabilities  of  error  are  calculated  in  accordance  with  signal/noise  ratio  and  propagation 
conditions. 

Results  show  that  for  a required  bit  rate  probability  of  error  decreases  considerably  in 
comparison  with  classical  systems. 

A mode  m has  been  developped  and  used  in  order  to  verify  the  theoritical  study. 

Experimental  results  demonstrate  the  validity  of  the  principle  and  show  the  performances 
obtained. 

RESUME 

La  durEe  de  la  rEponse  impulsionnelle  des  canaux  multit rajets , tels  que  le  canal  ionosphErique 
oil  les  liaisons  VHF  est  une  limitation  iniportante  du  dEbiE  d'information. 

L'utilisation  des  codes  pseudo  orthogonaux  dont  les  vecteurs  prEsentent  des  fonctions  d' 
intercorrElation  trEs  faibles,  permet  d'envisager  une  augmentation  importante  du  dEbit  d' 
information  tout  en  assurant  des  trEs  faibles  taut  d'erreur. 


Le  present  article  prEsente  des  classes  de  codes  pseudo  orthogonaux  et  montre  qu'elles 
appartiennent  «i  1'ensemble  des  codes  les  plus  efficaces. 

Des  algorithmes  de  construction  de  codes  sont  dEveloppEs  et  des  exemples  sont  donnEs. 

Ces  codes  ont  E tE  utilisEs  pour  assurer  des  transmissions  de  donnEcs  par  le  canal  ionosphErique 
II  est  montrE  qu'il  est  possible  d'optimiser  le  choix  des  codes  pour  un  dEbit  d'information  dEsirE 
et  que  les  codes  pseudo  orthogonaux  autorisent  l'utilisation  des  trajets  multiples  comnie  sources 
redondantes  de  l'information. 

Plusieurs  critEres  de  dEcision  peuvent  ftre  adoptEs  scion  que  l'onaccepte  d'utiliser  pour  la 
transmission  un  ou  plusieurs  trajets. 


Lea  crittrea  optimum  aont  d^tarmln^*  par  l'ltude  dea  probability*  d'erreur. 


A partir  daa  crittre*  optimum  de  decision,  lea  probability*  d'erreurs  aont  calcuiyes 
•n  fonction  du  rapport  (Energie  par  bit  d'lnformation/  Density  spectrale  de  bruit)  pour 
diffy rente*  configurations  dea  condition*  de  propagation. 

Lea  ry*ultata  obtenua  montrent  que  pour  un  dyblt  d'lnformation  donny,  la  probability  d'erreurs 
eat  conaidyrablement  diminuye  par  rapport  aux  syst^mes  claasiques.  D'autre  part,  il  est 
posaible  de  ryallaer  dea  tranamiaaiona  de  doiu^es  numyriques  h vitesse  yicvee. 

Un  modem  a yty  dyveloppy  et  utiliay  pour  ytayer  l'ytude  thyorique. 

Lea  ryaultats  cxpy rimentaux  aont  trba  ytroitcment  correiys  avec  les  rosultats  thyoriques. 

Lea  applications  de  ce  syatyme  apparaissent  nombreuses  tant  dans  les  transmissions  que  la 
dytection  et  la  correction  des  erreurs  ou  dans  les  systymes  nycessitant  des  synchronisations 
automatiques. 


La  dur^e  de  la  repome  impulslonnelle  dee  canaux  multitrajets,  tele  que  lea 
canaux  ionoaphe  riquea  ou  VHF,  llmite  le  debit  d'information  dana  lea  tranamiaaiona  numeriques. 

Differentea  aolutiona  ont  ete  propoades  pour  pallier  cette  limitation  : utilisation 
de  la  diversity  de  frequence  fl],  de  syst^mes  adaptatifa  [£] 

La  aolutlon  presentee  ici,  repoae  aur  l'utilieatlon  de  codea  particuliera,  dont 
lea  fonctiona  d'lntercorrelation  entre  lea  vecteurs  demeurent  iaiblea  W W W-  »■  codea 
repondant  partiellement  !i  cea  conditions  sont  connua  : codea  pseudo-aieatoires  (PN),  codes 
orthogonaux  et  codea  autosynchroniaanta  £fj,  mala  il  n'exiate  pas  & notre  connaiasance,  de 
methodes  ayatematique  permettant  de  determiner  lea  codes  lea  plus  performants.  Une  telle 
m^thode  de  construction  eat  proposi^e.  Elle  repose  aur  une  generalisation  de  l'idee  developpee 
par  GOLD  fd}  et  aboutit  *t  la  conatruction  dea  codea  que  nous  avons  appelea  pseudo  - 
orthogonaux. 

Lea  performances  de  ce  systlime  aont  evaluees,  pour  un  degre  d'interference 
donne  entre  lea  trajeta  multiples  comme  sources  redondantea  repetant  1' information.  Plusieura 
critt-rea  de  decision  aont  applicablea.  II  eat  montre  que  pour  une  complexite  donnee  du 
recepteur  le  choix  de  ce  critJ-re  peut  ftre  optimulise  pour  obtenir  le  taux  d'erreur  le  plus 
faible  possible. 

I - PRINCIPE  D'UNE  TRANSMISSION  PAR  CODE  PSEUDO-ORTHOGONAUX 

La  reponse  impulaionnelle  d'un  canal  multitrajet  eat  conatituee  par  une  aerie 
d'impulaiona.  On  appellera  par  la  suite  trajet  principal,  celui  qui  apporte  l'affaiblissement 
minimum  tandia  que  les  autrea  aeront  appeies  trajeta  aecondaires. 

Le  prim  ipe  de  cette  transmission  conaiste,  & remission,  & faire  correspondre 
i chaque  symbole  du  message  un  mot  code  binaire  - ou  vecteur  code  - v*  de  n elements  binaire., 
(e.b.)  , d'un  code  V.  A la  reception  le  signal  re5U  eat  compare  par  correlation  & tous  les 
mots -code  de  V.  Un  circuit  de  decision  du  type  It  maximum  de  vraisemblance  permet  de 
reatituer  l'information  (figure  1). 


Lea  interferences  introduites  par  les  difterents  trajeta  aont  corrigeea  par  la 
redondance  du  code. 


- DEFINITION  DES  CODES  PSEU  DO-ORT HOGONAUX 


Dan*  le  cti  oik  la  tranamlaaion  it  faitialon  un  mode  aynchrone,  lee  aignaux  capita 
par  le  rlcepteur  te  pr^eentent  dana  la  configuration  de  la  figure  2.  La  aynchronisatlon  iM ant 
faite  aur  le  trajet  principal,  le  correiateur  j , ayant  le  vecteur  v J comme  aignal  de 
reference,  fournirait  en  l'abaence  de  bruit  le  aignal  Sj 


s;  -£<*>> • [ p (?.)  * |°  f ♦' t *))] 


- d^aigne  l'amplitude  relative  du  r-ibme  trajet  eecondalre  par  rapport 
au  trajet  principal  et  q le  nombre  de  trajets  aecondairea 

- tc  eat  la  dur^e  d'un  vecteur  code  et  t^  l'eapace  entre  deux  vecteura. 

- la  fonction  de  correlation  entre  lea  vecteura  v*  et  vj  decalea  d'un 

tempi  n eat  dlte  aperiodique  car  le  aignal  re^u  eat  aper^>dique.  Cet  adjectif  permet  de  la 
differencler  de  la  fonction  de  correlation  periodique  qui  obtenue  ave  c un 

aignal  re^u  periodique  caracteriae  par  tj,  = oj  par  la  auite  cei  notationa  deaignent  dea 
fonctiona  de  correiationa  normfei  it  1. 


Trajet  Secondaire 


Trajet  Principal 


Vecteur  du  recepteur 


{ - 


. -fj«- JEW  «■ 


paraaitea  : 


P (-  (t*  _Vtb))  P ,f°)  P . r 

^ 'it  'U 

Figure  2 

Structure  du  signal  recu  & l’instant  de  decision 
Le  code  adapts  \ ce  type  de  transmission  est  celui  qui  minimise  les  termes 


1 

p=  ^ °**>  f 1°.  . f^r)  t ^ (-  f -etb))  p—rlV, 

p=  £ ”<,-f  r" “ * J 


1 
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Anotre  connais sance,  il  n'existe  pas  ^ l'hcurc  actuelle  de  m^thode  de  synth^e 
de  codes  permettant  de  minimiser  le  terme  parasite  p de  Sj 

Cependant  les  vecteurs  du  code  peuvent  §tre  caracU<rist‘s  par  le  fait  que  les 
valeurs  prises  par  leurs  fonctions  d'autocor  relation,  en  dehors  de  leur  maximum,  et  par  leurs 
functions  d'inte r correlation  sont  , en  valeur  absolue,  bornt^es  par  une  valeur  laible  devant  1, 
car  cette  propri£t£  permet  d'obtenir  une  forte  attenuation  du  terme  parasite  p done  des  trajets 
perturbateurs. 

II  est  possible  de  construire  des  ensembles  dont  les  vecteurs  sont  caract^ris^s 
par  des  correlations  periodiques  born^es. 


I^.fo)  | ^ sD  v c * j 

I ~ s‘  V vi  V&  *o 


oh  So  et  s;  »ont  den  const. intes  st rictement  inf^rieure s i 1 auasi  faiblea  que  possible  et 
dont  on  peut  determiner  les  limites. 

Cette  approche  du  problhme  est  int^ressante,  car  elle  permet  d'effectuer  un 
d^veloppement  th^orique  complet.  Cet  expose  decrit  une  methode  de  construction  de  codes 
caracterises  par  les  in^galiti^s  (2)  et  (3) 

Pour  un  code  V (n,  k)  constitue  de  vecteurs  de  n elements  binaires^e. h.)  at  </•  k 
bits  d'int'ormation,  on  montre  comment  il  est  possible  de  determiner  le  meilleur  couple  So  et 
SP  en  deduisant  le  code  pseudo  orthogonal  V (n,  k ) d'un  code  cyclique  W (n,  K ). 


parasite  p. 


Les  codes  sont  ensuite  testes  pour  determiner  la  borne  superieure  du  terme 


JI-  CONSTRUCTION  DES  CODES  BIN  AIRES  V (n.k  ) PSEUDO  ORTHOGONAUX 
3T,  1 Principe  de  la  construction 

Un  vecteur  v‘  de  V (n,  k, ) constitue  par  la  suite  des  a.t. 

a4i  Aj  , , 

est  defini  par  la  matrice  Iione 

[vl]  r c“  jefOy"-1]  a}  f[o,l] 

p C 

Le  symbole  x v repr^sente  le  vecteur  obtenu  aprbs  p permutations  circulaires  des 

compos  ant  a de 

f*PV  ] r j — «»  , n.p.t  ] 

La  somme  modulo  deux  entre  deux  vecteurs  v*  et  v^  est  le  vecteur  dont  chacune  des  composantes 
est  la  somme  modulo  2 des  composantes  de  m$mqrang  de  v*  et  v-J 

On  montre  [SJ  que  la  fonctlon  de  correlation  ptfriodique  /°i‘i * ^ s'exprime  simplement 

en  fonction  des  distances  extremes  - au  sens  de  HAMMING  - entre  les  vecteurs  du  code,  par 
la  relation  : 


^ “ 2 d ( v)  x^v1)] | jn 
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oi>  d ( v1,  x*  v^)  eat  la  distance  entre  lea  vecteurs  v*  at 

Le  probl^me  de  la  recherche  du  minimum  de  l/°Cj^  I ■*  trouve  alora  post  aous  une  forme 
claaalque  qui  eat  la  recherche  de  codes  lintaires  caracttrises  par  certaines  contraintes  impostea 
k leur  distance  de  HAMMING. 

En  effet,  ai  d m (V)  et  dmjn  (v)  dtslgnent  lea  distances  extremes  entre  lea 
vecteura  d'un  code  V,  l'intgalitt  (Z)  a'tcrit  : 

>f1-5.)n/2  (b)  151 

car  pour  = O la  relation  (4)  ne  fa.it  Intervenir  que  dea  vecteura  de  V.  Pour  ^ 0 la 

relation  (3)  conduit  k . „ _ v . 

<*.»>)<  (l.S ')«ft  la) 

(4-S a)«/2  W 

car  v1  et  x C v*  aont  dea  vecteura  du  code  cyclique  W dans  lequel  V eat  inclus.  De  plus,  1' 
intgalitt  (3)  Implique  que  x ^ vJ  et  v*  soient  different  a , done  : 

- loraque  i / j on  doit  verifier  que  v^  x^  v*  V2"  c[4,ml]ce  qui  implique  que 
tout  vecteur  vi  doit  Btre  d'ordre  tgal  ou  suptrieur  k ty  e'eat  k dire  que  lea 

n -1  permutationa  circulairea  qui  peuvent  Btre  effectutes  aur  aea  compoaantes 
conduisent  k dea  vecteurs  difftrents  de  v1. 

- Loraque  i / j on  doit  verifier  que  v*  / xf  v*.  V t £ j / V 2"  €"  fixr.-'lj 
ce  qui  implique  que  v*  et  vJ  n'appartiennent  pas  k une  mBmeclasse  du  code 
cyclique  W.  Une  classe  d'un  code  cyclique  ttant  constitute  d'un  vecteur  et  de 

tous  ceux  qui  s'en  dtdulsent  par  permutation  circulaire  de  aea  compoaantes , 

Par  consequent,  le  code  V (n,  k ) peut  Btre  compost  de  N = 2k  vecteurs  d'ordre  n tela  que  deux 
quelconques  d'entre  eux  appartiennent  k deux  classes  difftrentes  d'un  code  cyclique  W dans  lequel 
les  distances  extrBmea  entre  deux  vecteura  vtrifient  lea  intgalitts  (6) 

Si  le  code  cyclique  W contient  6.  classes  rtsiduelles  d'ordre  n,  le  nombre  de 
codes  N'  satisfaisant  c es  conditions  eat  donnt  par  : 

...  rn  fj 

N = C*  n 

oh  eat  le  nombre  de  combinaisons  de  N tltments  pris  parmi  a 

II  eat  done  possible  de  trouver  un  grand  nombre  de  codes,  cependant,  si  la 
stlection  dea  vecteurs  eat  faite  de  fa;on  altatoire,  lea  performances  du  code  peuvent  Btre 
ininttressantes. 

La  mtthode  de  construction  propoate  conduit  k un  choix  optimum  et 
systkmatique  de  cea  vecteurs. 

m.2  Mtthode  de  conatruction  des  codes  pseudo  -orthogonaux. 

Le  choix  d'un  vecteur  par  classe  d'ordre  n de  W peut  Btre  fait  en  effectuant  une 
optration  llntaire  interne  k W.  Eneffet,  soient 

- Vj  (n,  k ) un  code  cyclique  inclus  dans  W (n,  K ) 

- C un  vecteur  d'ordre  n appartenant  k W-Vj,  complement  de  Vj  dam  W. 

On  montre  que  le  codeV(n,k  ) dtfinit  par  i'tquivalence  suivante  : 

v‘  £ vfn'k)  & [<J©[c]  x[vi]  eVjnA)  (7) 
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est  tel  que  sea  vecteurs  son!  d'ordre  n,  deux  quelconques  d'entre  eux  appurtenant  i deux  classes 
diff# rente*  du  code  cyclique  W. 

Ce  type  de  construction  des  codes  pseudo-orthogonaux  conduit  k une  expression 
simple  des  inlgalitls  (5).  En  effet,  v‘et  vr  <?tant  deux  vecteurs  quelconques  de  V ddduits  de 
par  la  relation  (7),  les  distances  d (v',  v-*)  et  d ) sont  Igales.  Aussi, 

pour  que  Its  in^galitcs  (5)  soient  v#rifi£es  sur  V,  il  (aut  et  il  suffit  qu'ellrs  le  soient  sur  V! 

Cette  proprUtl  rend  la  methode  tr^s  interessante  car  Vj  £tant  cyclique,  on  est  ramcne  i un 
prohll'me  classique  de  determination  des  distances  extrSmead'un  code  cyclique, 

De  plus,  les  codes  pseudo-orthogonaux  obtenus  par  cette  methode  de  construction 
appartiennent  aux  plus  ei'flcaces.  En  effet,  il  a effectu^  une  evaluation  statistique  [$]  du  nombre 
maximum  de  vecteurs  d'une  code  pseudo  orthogonal  respectant  les  conditions  (2)  et  (3)  en  fonction 
de  R = Max  (n  ).  Les  resultats  obtenus  par  cette  methode  de  construction  montre  que  l'on 

atteint,  pour  R donne,  ce  nombre  maximum  de  vecteurs. 

En  conclusion,  les  codes  optimaux  V (n,  k ) peuvent  #trc  obtenus  par  une 
operation  de  translation  interne  dans  un  code  cyclique  W: 

V = Vl  <f)  c 

o!i  W , V | et  c sont  tels  que  : 

V | (n,  k,  ) code  cyclique  dont  les  distances  extr<mesv#rifient  les  indgalites  (5) 

W (n,  k, ) code  cyclique  dont  les  distances  extrfmesv^  rifient  les  inegalites  (6) 
c vecteur  d'ordre  n appartenant  au  complement  de  Vj  dans  W 
HI . 3 Resultats 

Cette  methode  peut  8tre  appliques  la  construction  des  codes  V (n,  k ) ayant 
n'importe  quelle  valeur  impairs  de  n et  n'importe  quelle  valeur  de  k JVJ 

On  s'est  contente  ici  de  reproduire  les  resultats  les  plus  int^res  sants 
concernant  des  codes  qui  sont  orthogonaux  ( So  =0)  ou  presque  (So=l/n). 

Les  grandeurs  reportoea  dans  le  tableau  de  la  figure  3 sont  : 


£ = Max  [n  | 

R r Maxfn  |^>  (?)|J 

R*  = Max [n 

Viyj 

RRtr  Max  1- 

-■?))!] 

p P 

€ R sont  liees  So  et  Sc  par  lej  relations 

£ ^s.  rVnSc 

et  R la  valeur  maximale  du  terme  parasite  p (cf  relation  I bis)  lorsque  l'etpace  entre  deux 
vecteur®  e®t  £gal  & la  longueur  d'un  vecteur  t^  = 


RR  est  la  valeur  maximale  de  ce  mime  lerme  parasite  lorsque  = 0 (Emission  continue). 

On  a reportE  Egalement  les  valeurs  du  paramEtre  de  RR  obtenus  par  des  codes 
proposes  par  J.  J.  STIFFLER  [7}.  On  constate  que  ces  codes  n'atteignent  pas  les  conditions 
ontimales. 


i 
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codex 

RP 

£ 

R 

RR 

RR  7 

V (31,5) 

9 

1 

1 1 

17 

V(  32. 5) 

0 

12 

20 

20 

V (63,6) 

15 

l 

17 

29 

V (64,6) 

0 

18 

30 

36 

Figur<?.?. 

Performance  des  codes  pseudo-orthogonaux 


Ces  rEsultats  montrent  que  les  codes  (32,5)  autosyncHbnisants  et  pseudo- 
orthogonaux  sont  Equivalents  mais  ont  des  performances  infErieures  aux  codes  V (31,5). 

Le  code  autosynchronisant  V (64,6)  est  moins  performant  que  le  code  pseudo- 
orthogonal  V (64,6)  qui  est  Equivalent  au  code  V (63,6). 

IV  - APPLICATION  DES  CODES  PSEUDO-ORTHOGONAUX  AUX  TRANSMISSIONS  ft] 

IV.  1 Principe  de  la  transmission 

Le  principe  de  la  transmission  a EtE  rEsumE  au  premier  paragraphe.  Dans  les 
essais  expErimentaux  qui  ont  EtE  effectuEs,  on  a utilisE  un  codage  binaire  du  type  NRZ  (non 
retour  Si  zEro)  et  une  modulation  PSK  & 2 Etats  de  phase.  La  rEception  a EtE  faite  selon  un  mode 
synchrone,  et  le  critEre  de  dEcision  a EtE  effectuE  sur  les  Echantillons  Zi  des  signaux  de  sortie 
des  corrElateurs  au  terme  de  chaque  corrElatlon. 

IV.  2 Performances 

Les  performances  de  ce  systEme  sont  examinEes  en  fonction  du  bruit  et  des 
interfErences  apparaissant  sur  la  liaison  entre  les  dlffErents  trajets. 

IV.  2.  1.  Influence  du  bruit 

Le  cas  examinE  ici  correspond  & celui  d'une  transmission  & travers  un 
canal  monotrajet.  Lc  critEre  de  dEcision  majoritaire  consiste  A rechercher  la  valeur  maximum 
des  EchantillonnEs  Zi. 

La  probabilitE  d'erreur  Pg  calculEe  pour  un  bruit  blanc  Gaussien  par 
la  mEthode  de  Viterbi  [7^  est  donnEe  par  l'expression  : 


dans  laquelle 

No  = densitE  spectrale  de  bruit 
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NTP  = e no rgie  du  signal 

£ = | p J Valeur  de  la  fonction  d'intercor  relation  des  vecteurs  pour  ? = 0 

L'influence  du  bruit  est  traduite  par  la  courbe  de  la  figure  4 dans 
le  cas  d'un  code  V (32,  5) 

IV.  2.2  Influence  des  signaux  perturbateurs 

SI  V*  est  le  vecteur  emis,  l'action  d'un  signal  perturbateur  quelconque 
peut  Ctrelvalule  i partir  des  valeurs  : 

- de  sa  fonction  de  correlation  avec  le  vecteur  v*  et  de  sa  fonction  de 
distribution  P (Sj). 


distribution  P (S^ ) . 


de  sa  fonction  de  correlation  avec  le  vecteur  v*  et  de  sa  fonction  de 


La  probabilite  d'erreur  est  alors  donnee  par  : 

.♦op 


.►M. 


Pc  = l-/[P(S,1.P('S1)JS,J5,/  [eRF  (*i  (l,s1-S,'j)]<K  (g) 

0,  -•  r 2 tr 

expression  dans  laquelle  D j et  representent  le  domaine  des  variables  et 

La  relation  (8)  peut,  en  particulier  Stre  utilisee  pour  calculer  1'  influence  des 
trajets  multiples  et  des  effets  du  filtrage  du  signal  de  reception  ou  du  desynchronisme  du 
recepteur. 

IV.  2.  2,  1,  Cas  d'une  propagation  multitrajet 

Dans  le  cas  d'une  propagation  multitrajet,  les  signaux  sont  re^us  dans  une 
configuration  relative  quelconque.  La  figure  2 illustre  la  structure  du  signal  de  reception 
obtenu  en  presence  des  trajets  multiples. 


la  relation 


A l'instant  de  la  decision  le  signal  deiivre  par  le  correiateur  j est  donne  par 


^j=£>)+£o<r/o^)  +Nb 


ou  j<r  est  l'amplitude  relative  du  vecteur  re$u  vr  par  rapport  au  vecteur  v1  et  Nb  1' 
amplitude  du  bruit  It  la  sortie  du  correiateur  j. 


Dans  ces  conditions  la  probabilite  d'erreur  de  detection  peut  s'exprimer  par  la 


relation  : 


♦5c 


♦«  a 


PE=1  -ffp^pcs^dsj  JLJL  [F  * F L (l  ♦?  *r  ( S,  - 

-s'  - yri r v 1 r //j  4 

Les  resultats  theoriques  et  experimentaux  sont  illustres  sur  la  figure  5 pour  un  code  V (32,5). 

Les  courbes  tracees  pour  un  facteur  constant  montrent  la  deterioration  inevitable 

de  la  probabilite  d'erreur  en  fonction  de  l'amplitude  des  signaux  perturbateurs. 


I 


tV.  2.2.2.  C ritirc  de  dycision 


Dan*  une  transmission  i travers  un  canal  X trajets  multiples  on  peut 
considlrer  let  trajets  secondaire*  comme  des  perturbateurs  ou  comme  des  sources  redondantes. 
On  est  alors  conduit  It  deux  types  de  crithres  de  decision. 

- le  premier  critire  utilise  le  trajet  principal  pour  effectuer  la  decision.  Dans 
ce  cas  la  valeur  27<*r  est  minimale.  Ce  crithre  de  decision,  le  plus  simple,  conduit  aux 
performances  illustrles  par  les  courbes  de  la  figure  5 

- un  second  critire  consiste  It  utiliser  les  trajets  secondaires  pour  confirmer 
les  rlsultats  de  detection  obtenus  sur  le  trajet  principal. 

On  peut  imaginer  de  choisir,  pour  effectuer  la  confirmation,  1 ou  plusieurs 
trajets  secondaires,  mais  la  complexity  du  rlcepteur  s'accroit  d'autant.  Nous  nous  sommes 
limitls  au  cas  oil  l'on  utilise  un  seul  trajet  secondaire,  celui  donnant  le  signal  de  plus  grande 
amplitude. 


Pour  chacun  des  deux  trajets  retenus.les  signaux  de  sortie  des  corr^lateur* 
sont  alors  classy*  par  ordre  dycroissant  de  leurs  valeurs  et  mis  en  memoire.  II  est  possible 
d'ytablir  de  multiples  crltires  de  dycision  en  comparant  les  2 classements.  Le  entire  de 
dycision  qui  minimise  la  probability  d'erreur  depend  du  nombre  de  valeurs  des  signaux  Zi 
retenus  pour  effectuer  la  recherche  de  confirmation. 


a)  Prise  en  compte  d'une  valeur  par  trajet 

Ce  critire  de  dycision  n'apporte  aucune  amyiioration  par  rapport  au  cas  de 
la  dytection  sur  le  seul  trajet  principal. 

b)  Prise  en  compte  de  2 valeurs  par  trajet 

Soit  Zi  et  Zj  les  2 valeurs  retenues  pour  le  trajet  1 et  Z g et  Z m 

pour  le  trajet  2 


trajet  1 Zi 


trajet  2 


Zl 


Zj 


z 


m 


ordre  dycroissant 


Le  critire  de  dycision  optimum  utilise  l'algorithme  de  traitement  suivant 


T rajet  1 


Trajet  2 


i i k « 
et 

j llket 


CRiTERE  DE  DECISION  SUR  2 TRAJETS 


(",fj 


AVEC  PRISE  EN  COMF1E  DE  2 VALEURS  PAR  TRAJET 
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La  calcul  de*  minima  des  probability*  d'erreur  conduit  aux  critdres  suivants  : 

- si  Eou  m aont  different*  de  i oa  j,  il  n'y  a paa  de  confirmation.  Le  critdre  optimum  consiste 
H retenir  le  numfro  du  corrdlateur  ayant  le  plua  grand  aignal  aur  le  trajet  principal. 

- ai  il  y a une  aimple  confirmation,  le  critfcre  optimum  conaiate  <1  retenir  le  numfro  confirm^. 

- si  il  y a une  double  confirmation  c'est  i dire  ai  i et  j aont  simultandment  confirmds  le  vecteur 
v*  qui  a la  plus  grande  probability  d'avoir  yty  emis  doit  <tre  retenu. 

c)  Prise  en  compte  de  plua  de  2 valours  par  trajet 

Lea  crityres  optima  aont  dyterminys  par  une  mythode  analogue  it  la  prycydente. 

Il  est  nycessaire  d'examiner  alors  lea  cas  de  non,  aimple,  double multiples 

confirmations. 

d)  Comparaison  des  diffd rents  crityres 


Les  resultats  obtenus  en  retenant  2 ou  3 valeurs  par  trajet  sont  illustrds  dans  le 
cas  2!tXr*'l  sur  la  figure  6 dans  laquelle  repry sentent  respectivement  les 

rapports  (Energie  par  bit  d'information/  density  spectrale  de  bruit)  pour  les  trajets  1 et  2. 

Ces  courbes  montrent  une  dygradation  de  la  probability  d'erreur  lorsque  le  trajet  servant  it 
la  confirmation  est  trop  perturby  par  le  trajet  principal.  Dans  les  tones  oil  sont 

du  mfme  ordre  de  grandeur,  il  faut  remarquer  l'avantage  de  la  dytection  avec  recherche  de 
confirmation  par  rapport  it  la  dytection  sur  un  seul  trajet.  La  synthyse  de  ces  rysultats  est 
prysentye  sur  la  figure  7 oil  les  zones  d'application  du  meilleur  crityre  sont  reportys. 

IV.  2.  2.  3.  Probability  d'erreur  de  dytection  avec  dysynchronisme 

Les  rysultats  prycydents  ont  yty  obtenus  en  supposant  que  la 
ryception  ytait  parfaitement  synchrone.  La  synchronisation  obtenue  dans  le  rycepteur  par  un 
systyme  S boucle  de  phase  peut  conduire  i un  lyger  dysynchronisme  ; la  fonctio  n d'autocorryiation 
prend  la  valeur  1 - C0  et  celle  d'intercorryiation  . La  probability  d'erreur  s'exprime 
alors  par  la  relation 

♦ o»  -v, 

p,  -oo  p TT  L J 

Les  courbes  de  la  figure  8 montrent  l'effet  du  dysynchronisme 
sur  la  probability  d'erreur.  Il  est  ainsi  possible  de  ddduire  qu'elle  doit  ftrela  prycision  de 
l'asservissement  du  rythme  des  digits.  On  constate  qu'un  dysynchronisme  de  2/10  digit  entraine 
une  ddgradation  d'un  facteur  10  de  la  probability  d'erreur  pour  un  rapport  1T»  voisin  de  4. 

Dans  les  essais  effectuys,  on  enregistre  des  dy synchronismes  infyrieurs  it  l/lO  de  digit  qui 
n'affectent  pas  gravement  la  probability  d'erreur. 


un  filtrage  du  signal  telque 


IV.  2.  2.  4.  Probability  d'erreur  en  fonction  du  filtrage  du  signal 
Il  est  classique  dans  des  transmissions  numdriques  d'effectue  r 


B = bande  passante  du  signal  en  bande  de  base 


B.T.  = 1 


T = duree  digit 

Il  est  possible  d'augmenter  le  tidbit  binaire  en  prenant  BT  ^ 1 
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Cette  operation  eat  rlalis£e  avantageusement  par  le  filtrage  du  signal  d'tmission.  Ce 
(iltrage  affecte  cependant  la  probability  d'erreur  de  detection  k cause  des  trois  effets  suivants  : 

- il  entraine  un  dlcalage  temporel  du  maximum  de  la  fonction  d'autocorrllation 

- il  provoque  une  diminution  de  ce  maximum 

- il  cr£e  une  intercorryiation  non  nulle  ( ou  diff^rente  de  £ ) au  moment  de  la 

detection 

La  figure  9 montre  Involution  de  la  probability  d'erreur  en  fonction  du  rapport  signal/bruit 
pour  diffyrente  bande  passante  de  filtrage. 

On  peut  remarquer  que  la  dygradation  de  la  probability  d'erreur  est  asset  faible  pour 
B.T.  =1  mais  devient  inacceptable  pour  B.T  = _1 

3 


IV.  3.  Rysultats 

Deux  types  d'essais  ont  yty  ryaliscs  : des  essais  en  sondage  zynithal  qui  est  un 
cas  d' exploitation  particuliyrement  dyfavorable  et  des  yssais  k l'aide  d'un  simulateur  de  canal 
pouvant  recryer  les  trajectoires  multiples.  Le  code  utilisy  est  un  code  pseudo  orthogonal 
V (32. 5) 

La  concordance  observy«  entre  les  rysultats  a dyji  yty  prysentye  [5J.  L' 
avantage  des  essais  en  simulation  est  de  rendre  indypendants  les  phynomynes  rencontres 
simultanyment  en  liaisons  belles. 

Le  clichy  1 reprysente  un  cas  idyalisy  de  propagation  sans  perturbation. 

Sur  la  trace  supyrieure  est  reprysenty  le  signal  re^u  et  sur  la  trace  infyrieure,  l'exploration 
des  32  sorties  des  corryiateurs  du  rycepteur.  On  peut  constater  qu'au  moment  de  la  dytection 
( £ = 0)  les  valeurs  sont  toutes  nulles  exceptyes  celles  correspondant  au  mot  re^u  (ici  le  mot 
n*  31). 

Le  clichy  2 illustre  le  cas  d'une  ryception  d'un  signal  en  prysern  e de  bruit 
blanc.  La  valeur  du  rapport  signal/bruit  est  de  0 dB  k l'entrye  du  systbme  de  traitement.  La 
quality  de  la  dytection,  apparente  sur  le  clichy,  est  confirmy  par  le  taux  d'erreur  mesurf 
(soil  4 x 10'6) 

Le  clichy  3 montre  l'effet  du  dysynchronis  me  sur  la  dytection.  La 
corryiation  du  mot  re^u  avec  les  mots  de  ryfyrence  se  faisant  pour  un  dycalage  de  2/10  digits. 
La  comparaison  avec  le  cas  idyal  (clichy  1)  montre  l'apparition  d'intercorryiation  non  nulle. 

Dans  l'expyrience  illuatree  par  le  cliche  4,  le  spectre  du  signal  brouilleur 
est  ryduit  k une  raie  proche  de  la  fryquence  porteuse  du  signal  ymis.  Son  amplitude  est  ygale 
k celle  du  signal  utile. 

L'effet  de  ce  type  de  brouilleur  est  faible  sur  la  dytection  car  il  est  affaibli 
dans  un  rapport  qui  demeure  toujours  supyrieur  kj 

VTT 

Les  clichys  5 et  6 reprysentent  une  propagation  k 2 trajets  d'ygale  amplitude  sans  bruit 
et  avec  un  rapport  signal  trajet  l/  bruit  ygal  1 0 dB 
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La  distinction  de  la  vai<  >aximale  des  fonctions  de  correlation  est  facile  k 
r^aliser  dans  jes  conditions,  ce  qui  justice  que  la  probabilite  d'erreur  de  detection  soit 
faible  (7*10  ).  La  comparaison  des  cliches  5 et  6 montre  que  les  trajectoires  multiples 

introduisent  plus  de  perturbations  que  le  bruit. 


IV  - CONCLUSION 

La  transmission  numerique  de  l'information  par  l'emploi  de  codes  pseudo- 
orthogonaux  apparait  avantageuse  dans  les  canaux  multitrajets  non  stationnaires . 

Cet  avantage  est  lie  d'abord  au  fait  que  les  codes  pseudo  orthogonaux  se 
classent  parmi  les  signaux  k spectres  etaies  et  en  poss^dent  done  les  proprietes  de  resistances 
aux  bruits  et  aux  perturbateurs. 

La  seconde  raison  vient  du  fait  que  la  probabilite  d'erreur  de  detection  est  une 
fonction  trks  rapidement  croissante  de  ces  valeurs.  Le  gain  obtenu  avec  ces  codes  est  d<3  k la 
methode  de  constrcution  qui  permet  d'obtenir  des  codes  optimaux  dont  les  fonctions  d' 
intercorreiation  sont  minimales. 


L'application  de  ces  codes  a ete  faite  k travers  le  canal  ionosphkrique  avec 
des  critkres  de  decision  utilisant  la  redondance  naturellement  introduite  par  les  trajectoires 
multiples. 

L'application  dans  des  transmissions  k travers  d'autres  canaux  multitrajets  non 
stationnaires  peut  Ctre  envisagee  par  simple  transposition. 
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ABSTRACT 


In  this  paper  a new  high-speed  troposcatter  digital  modem,  designated  MLT-1,  is 
discussed.  This  modem  combines  coding  and  modulation  and  achieves  unprecedented  reli- 
ability by  exploiting  the  scatter  properties  of  this  channel  to  achieve  "in-band"  time  and 
frequency  diversity.  Experimental  results  for  a tactical  single  diversity  troposcatter 
modem  operating  at  uncoded  data  rates  of  4.6  Mb/s  and  a coded  data  rate  of  2.3  Mb/s  are 
presented. 

1 . INTRODUCTION 

The  time-dispersive  and  time-varying  properties  of  a troposcatter  channel  makes  the 
problem  of  obtaining  reliable  high-speed  data  transmission  quite  interesting.  In  this 
paper  a new  modem,  designated  MLT-1,  combines  coding  and  modulation  in  an  optimum  manner 
to  achieve  unprecedented  reliability  by  exploiting  the  scatter  properties  of  this  channel 
to  achieve  "in-band"  time  and  frequency  diversity. 

The  benefits  of  in-band  frequency  diversity,  resulting  from  the  channel's  time- 
dlsperslon,  Is  achieved  by  using  signals  with  spectra  occupying  a bandwidth  greater  than 
the  coherent  bandwidth  and  employing  a maximum  likelihood  sequence  estimator  (MLSE) , based 
on  the  Vlterbl  algorithm,  to  demodulate  in  the  presence  of  intersymbol  interference.  The 
benefits  of  in-band  time  diversity,  resulting  from  the  channel's  time- variations , is 
achieved  by  the  use  of  Interleaved  error  correction  codes. 

This  experimental  modem  is  believed  to  represent  the  first  application  of  a MLSE 
algorithm  to  a channel  which  is  time-varying  as  well  as  time-dispersive.  A measurement  of 
the  time-varying  impulse  response  is  achieved  by  a constant  envelope  phase  modulation 
approach  which  contains  a low-level  PN  probe  sequence.  By  cross-correlating  the  received 
signal  with  a locally  generated  PN  sequence,  the  receiver  is  able  to  obtain  and  maintain 
bit  sync  and  continuously  measure  the  channel's  time-varying  impulse  response  which  is 
required  for  the  MLSE  algorithm.  The  implementation  of  this  rather  sophisticated  demodu- 
lator is  accomplished  efficiently  by  early  conversion  of  the  received  signal  into  its 
digital  representation  and  by  carefully  optimizing  (in  a practical  sense)  the  digital  signal 
processing. 

The  fairly  large  time-varying  error  bursts  prevalent  on  the  troposcatter  channel  make 
conventional  coding  of  successive  digits  ineffective.  However,  Interleaving  code  digits 
for  a short  block  code,  such  as  a (24,12)  Golay  code,  enables  one  to  achieve  a significant 
performance  improvement  due  to  in-band  time  diversity.  These  performance  gains  are  achieved 
when  code  digits  within  a block  code  are  significantly  correlated,  as  demonstrated  by 
operating  with  decoding  delays  In  the  order  of  150  ms. 

The  effectiveness  of  these  new  signal  processing  concepts  for  scatter  communications 
are  demonstrated  by  theoretical  results  as  well  as  by  laboratory  measured  results  obtained 
during  testing  at  the  RADC  DICEF  Facility  over  realistic  simulators  for  troposcatter 
channels . 

2.  THEORETICAL  CONSIDERATIONS 

Consider  the  transmission  problem  depicted  In  Figure  1.  A (complex)  transmitted 
signal  £,,(1),  consisting  of  a modulated  digital  data  stream,  Is  fed  to  a channel  which  we 
assume  Initially  to  be  time-invariant  and  known,  such  that  for  each  possible  transmitted 
waveform  zn(t)  there  is  a known  received  waveform  wn(t)  in  the  absence  of  noise.  The  actual 
received  waveform  w(t)  consists  of  Wn(t)  plus  an  additive  white  noise  r)(t)  of  one-sided 
power  density  Nq  watts/Hz: 


Funds  for  this  development  were  provided  in  part  by  the  Air  Force  Systems  Conmand,  Rome 
Air  Development  Center,  Griff Isa  Air  Force  Base,  Rome,  New  York,  under  Contract  No. 
F30602-74-C-0133  and  by  CNR,  Inc.,  under  Its  Internal  research  and  development  programs. 
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w(t)  - wn(t)  + n(t) 
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Assuming  equally  likely  transmitted  sequences,  it  is  well-known  that  the  receiver 
operation  which  minimizes  the  probability  of  selecting  the  wrong  sequence  of  data  as  having 
been  transmitted  (also  called  the  maximum  likelihood  receiver)  involves  the  computation  of 
the  "distances"  or  "metrics": 

Mp  “ I 'w(tl  ‘ wp(t)  I2  dt  (2) 

for  all  p,  and  selection  of  zm(t)  as  having  been  transmitted  if  M,,,  < Mp,  for  all  p i m. 

Since  there  is  a one-to-one  correspondence  between  the  information  data  sequence  and  each 
modulated  signal  zm(t),  specification  of  7m(t)  is  equivalent  to  specifying  the  data  sequence. 

Two  observations  are  in  order  here: 

• The  complexity  Involved  in  direct  computation  of  the  distances  Mp  grows 
exponentially  with  the  length  of  the  data  sequence. 

• If  the  channel  is  time-variant,  it  must  be  continually  measured  so  that 
the  correspondence  between  zn(t)  and  wn(t)  is  known  at  all  times. 

Forney  [1]  and  Kobayashi  [2]  have  shown  that  in  the  case  of  a channel  describable 
by  a finite  number  of  states,  the  complexity  of  the  optimum  receiver  operation  need  not 
grow  exponentially  with  the  length  of  the  data  sequence  if  use  is  made  of  the  Viterbi  algor- 
ithm [3],  This  algorithm  is  used  in  the  troposcatter  modem  discussed  in  this  paper. 

Channel  measurements  may  be  obtained  either  by  use  of  the  received  demodulated  data 
signal  alone  in  a decision-directed  adaptive  filter  technique  or  else  by  direct  use  of  a 
probing  signal.  In  the  tropo  modem  discussed  here,  a special  probing  signal  is  included 
in  the  transmitted  signal  structure  for  use  in  channel  measurements  and  bit  signal  extrac- 
tion at  the  receiver. 


To  gain  Insight  as  to  the  reason  why  in-band  time  and  frequency  diversity  is  achieved 
with  the  use  of  interleaving  codes  and  the  use  of  maximum  likelihood  demodulation,  one  notes 
that  the  probability  of  bit  error  for  a minimum  error  probability  receiver  is  closely 
approximated  by  the  value  [l] 


where 


P 

e 


Co 


0(a) 


(3) 


(4) 


C is  a constant,  and  dnl£n  is  the  complex  minimum  distance  between  two  received  sequences 


min 


I W_(t>  - w (t) 


p l*  q 


(5) 


Considering  coding  first  and,  for  simplicity,  assume  a flat  fading  channel  with 
complex  time-variant  gain  g(t).  Let  the  transmitted  signal  be  given  by 


z(t)  - E akp(t  -kT) 


(6) 


where  a^  takes  on  a discrete  set  of  values  according  to  the  information  sequence,  and  p(t) 
is  the  transmitted  pulse  shape  of  duration  T.  The  received  signal  corresponding  to  a par- 
ticular data  sequence  a^P^  is  thus  given  by 

wp(t)  - E a^p)p(t  -kT)g(t) 

“ E a^p)g(kT)p(t  -kT)  (7) 

where  It  has  been  assumed  that  the  channel  changes  little  for  the  duration  of  a pulse.  The 
minimum  distance  becomes 


min 
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- a,—  r Ig(kT)  I 


min  p,q 

where  we  have  normalized  the  energy  of  p(t)  to  be  unity. 


(8) 


Coding  places  a lower  bound  on  the  number  of  places  In  which  two  code  words  a^1'^  and 


can  differ.  If  the  code  words  differ  In  at  least  d places,  then  dln^n  must  be  express- 
ible as  a weighted  sum  of  d terms: 


dmln  ” £8k!g(kT)!^  I k selected  from  d places  in  (9) 

which  code  words  differ 

Equation  (9)  Is  exactly  the  form  that  the  minimum  distance  takes  In  the  case  of  pre- 
detection time-diversity  combining  with  the  same  symbol  information  repeated  at  the  d time 
Instants  involved.  By  the  use  of  Interleaving,  the  code  bits  can  be  separated  far  enough 
apart  to  produce  sufficient  Independence  of  fading  for  the  maximum  benefit  of  d'th-order 
diversity. 

Equation  (9)  strictly  applies  to  an  optimum  decoder  which  uses  channel  measurement 
(soft  decision)  Information  In  determining  the  cede  woid  which  yields  the  minimum  error 
probability.  The  difference  between  a hard  decoder  and  an  optimum  channel  measurement 
decoder,  for  the  (24,12)  Golay  code  used  In  MLT-1,  Is  illustrated  on  Figure  2 for  the  flat 
fading  channel.  Figure  3 Illustrates  how  this  coding  approach  compares  to  the  performance 
possible  when  (time  or  frequency)  diversity  Is  utilized.  The  probability  of  a bit  error 
is  Illustrated  as  a function  of  the  total  received  energy  per  information  bit,  i.e.,  E5/N0, 
and  thus  the  diversity  and  coding  systems  are  compared  fairly  at  a fixed  data  rate  through- 
put and  equal  received  power. 

The  attractiveness  of  even  binary  decoding  of  the  Interleaved  (24,12)  code  is  clear 
since  this  coding  technique  outperforms  dual  diversity  (for  Pe  < 10"~)  and  approaches  the 
performance  of  fourth-order  diversity.  While  only  a hard  decoder  has  been  implemented  In 
this  experimental  modem,  plans  are  presently  underway  to  Incorporate  a practical  channel 
measurement  decoder  which  has  been  shown  by  Chase  [4] , to  closely  approximate  the  performance 
of  a complex  optimum  channel  measurement  decoder. 

Consider  now  the  case  of  in-band  diversity.  We  assume  a dispersive  channel  in  which 
the  pulse  p(t)  produces  a response  Wg(t)  which  causes  intersymbol  interference.  Then  the 
minimum  distance  can  be  expressed  as 

dmin  ■ p!q  I '£  [^P)-^q)lw0(t-kT)|2  dt  (10) 


The  sequence 


ek 


Ul) 


is  called  the  error  sequence.  For  a given  channel  pulse  response  wQ(t),  there  will  be  a 
worst-case  error  sequence  which  produces  the  minimum  distance.  We  define  the  spectrum  of 
the  error  sequence  E(f)  as  the  spectrum  of  the  error  Impulse  train  e(t). 


e(t)  - S ek8(t  - kT) 

(12) 

E( f ) - S ekeJ2wfkT 

(13) 

The  minimum  distance  can  be  expressed  in  the  frequency  domain  by  Parseval's  theorem  as 
dmin  " I 'E(f)!2!P(f)|2lT(f)!2  df  (14) 

where  P(f)  is  the  spectrum  of  the  transmitted  pulse  p(t),  and  T(f)  is  the  transfer  function 
of  the  channel.  For  T(f),  a complex  Gaussian  process  In  f.  It  Is  well-known  that  the 
integral  may  be  expressed  rigorously  as  a sum  of  squared  magnitudes  of  independent  Gaussian 
variables , 

dmln-£Xl'*l'2  <“> 

where  the  X^  are  eigenvalues  of  an  appropriate  Integral  equation.  On  a heuristic  basis,  one 
may  apply  the  sampling  theorem  to  the  integral  in  (14)  to  convert  the  Integral  to  a sum  of 
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weighted  •ample*  of  1T(f)|‘  at  a set  of  frequencies.  In  either  case,  the  ln-band  diversity 
becomes  manifest  whenever  the  bandwidth  of  P(f)  exceeds  the  coherent  bandwidth  of  the  medium 
hecuase  then  the  terms  In  the  sums  do  not  fluctuate  identically. 

From  the  above  brief  discussion,  It  msv  be  seen  that  optimum  reception  of  block 
coded  Interleaved  hits  using  pulses  exceeding  the  coherent  bandwidth  of  the  channel  allows 
the  attainment  of  both  time  and  frequency  ln-band  diversity  with  minimum  reduction  In  data 
rate  packing. 

3.  SYSTEM  DESCRIPTION 

A block  diagram  of  the  system  Implemented  Is  Illustrated  on  Figure  4.  The  input  data, 
at  a rate  of  2.3  Mb's,  Is  encoded  with  the  rate-1/2  Golay  code  to  yield  an  encoded  data  rate 
of  4.6  Mb/s.  This  coded  data  Is  combined  with  a PN  probing  sequence  and  fed  to  a complex 
modulator  to  produce  the  70  MHz  centered  signal  input  to  the  troposcatter  radio.  At  the 
receiving  end,  IF  amplification  and  ACC  arc  applied  and,  with  the  aid  of  a stable  70  MHz 
oscillator,  the  IF  output  Is  complex  down-converted  to  baseband  in-phase  and  quadrature 
channels.  After  sample-and-hold  and  analog-to-dlgit al  conversion,  the  remainder  of  the 
receiver  Implementation  Is  entirely  in  digital  form,  aside  from  the  VCXO  used  for  bit  sync 
t lmlng . 

In  order  to  have  a modem  which  is  capable  of  applying  maximum  likelihood  sequence 
estimations  (MLSEl  algorithms  while  communicating  over  a time-varying  channel,  one  must 
develop  a channel  measurement  technique  which  can  adequately  track  the  channel's  Impulse 
response.  A certain  minimum  amount  of  t is  ' Is  required  to  measure  an  Impulse  response  which 
Is  a function  of  the  measurement  technique  and  the  channel  noise.  Furthermore,  this  measured 
time  must  be  short  compared  to  rate  of  change  of  the  channel's  impulse  response.  Needless 
to  sav,  if  the  rate  of  change  of  Impulse  response  Is  fast  enough  a<\  MLSE  algorithm  would  not 
be  feasible.  Fortunately,  the  measurement  technique  chosen  fo,-  the  troposcatter  channel 
can  adequately  track  the  channel  and  furthermore,  no  start-up  training  sequence  is  required. 

The  kev  to  successfully  tracking  the  troposcatter  channel  has  been  the  use  of  a 
pseudo-random  (TNI  probe  embedded  In  the  transmitted  signal  which  is  synchronized  with  the 
transmitted  data.  The  receiver  continuously  measures  the  channel  by  cross-correlating  the 
received  signal  with  a stored  replica  of  this  PN  probe. 

A probe  level  of  1/4  the  data  level  has  been  chosen  to  be  Imbedded  in  a quaternary 
phase  shifted  data  signal.  A probe  of  this  level  is  of  sufficient  amplitude  to  accurately 
measure  the  channel's  time-varying  Impulse  response  and  yields  only  1/4  dB  loss  In  signal 
power . 

The  vector  diagram  corresponding  to  this  QPSK  signal  is  shown  on  Figure  5.  In  order 
to  keep  the  probe  In  quadrature  with  the  data,  It  must  be  data-dependent . From  a complex 
notation  point  of  view,  the  transmitted  signal  vector  in  Figure  5 would  be  represented  as 


v 


r + Js  + ^ [p  - jp  sgn  (rsll 


(.16^ 


The  In-phase  and  quadrature  NR7.  data  signals  are  r “ ± 1,  s “ ± 1,  respectively.  The  in- 
phase  component  of  the  probe  signal  is  the  same  as  for  the  binary  PSK  case  discussed  above, 
while  the  quadrature  component  of  the  probe  - 1/4  p sgn  (rs!  is  data-dependent . I sgn  (xl 
yields  the  algebraic  sign  of  x-1  Since  the  probe  and  data  are  uncorrelated,  one  may  show 
that  the  received  signals  corresponding  to  the  ln-phase  and  quadrature  compon  •;*.*  of  the 
transmitted  probe  are  uncorrelated.  Only  the  in-phase  probe  is  used  for  channel  measure- 
ment, the  quadrature  probe  being  supplied  to  keep  the  signal  envelope  constant.  From  (.161 
we  see  that  the  possible  angles  are  computed  from  the  formula. 


tan 


. £ 


sgn  (rs! 


(17! 


and  are  found  to  be  ± 14°,  ± 76°,  ± 104°,  and  ± 166°. 


4.  DISCUSSION  OF  THE  EXPERIMENTAL  RESULTS 

The  experimental  laboratory  test  set-up  Is  illustrated  on  Figure  6,  where  the  tropo- 
scatter channel  is  modeled  by  a tapped  delay  line  with  complex  Gaussian  fluctuations  and 
adjacent  taps  separated  by  0.1  p sec  delay  [51 . These  fading  profiles  were  used  In  testing 
this  system  as  discussed  below. 


1.  Flat -Fading  Channel  — A single  fading  path  Is  simulated  In  this  case  to  repre- 
sent the  limiting  case  where  the  multipath  on  a fading  channel  Is  such  that  only  one  sig- 
nificant fading  path  exists.  RMS  Doppler  spreads  of  both  1 Hz  and  10  Hz  have  been  simulated 
for  this  case.  It  Is  expected  that  the  actual  RMS  Doppler  spread  for  tactical  tropo  will  be 
within  this  range  for  a very  high  percentage  of  the  time  on  the  air. 

2.  Moderate  Multipath  — This  multipath  profile  represents  a typical  tactical 
channel.  Seven  paths  spaced  at  0.1  jisec  with  the  following  relative  strength:  0 dB,  -3  dB, 
-7  dB,  -12  dB,  -17  dB,  -23  dB,  and  -29  dB,  are  used  to  represent  this  channel.  Results  are 
again  obtained  for  RMS  Doppler  spreads  of  1 Hz  and  10  Hz. 

3.  Severe  Multipath  — This  severe  multipath  profile  represents  the  high  end  of  the 
expected  multipath  for  tactical  tropo.  The  profile  is  specified  by  nine  paths  spaced  at 

.1  »isec  with  the  following  strengths:  -3  dB,  - dB,  -1  dB,  -3  dB,  -5  dB,  -7  dB,  -10  dB, 

-12  dB,  -15  dB.  Doppler  spreads  of  both  1 Hz  and  10  Hz  were  simulated. 

Performance  curves  are  obtained  as  a function  of  the  ratio  of  the  received  power,  Pr, 
to  the  product  of  the  noise  power  density,  Nq,  times  the  Information  rate  R In  bits/second. 
Defining  the  signal-to-nolse  ratio 


Eb/N0  ’ N^R  <18> 

enables  one  to  compare  uncoded  and  coded  systems  as  a function  of  the  received  power  and  at 
the  same  Information  data  throughput.  The  modem  without  coding  operates  at  a data  rate  of 
R ■ 4.6  Mb/s  and  the  modem  with  coding  operates  at  a data  rate  R - 2.3  Mb/s. 

Figure  7 illustrates  the  performance  for  a flat-fading  channel  for  decoding  delays  of 
153.3  ms  and  613.3  ms  at  an  RMS  Doppler  spread  of  1 Hz.  The  corresponding  values  of  Bt 
and  the  correlator  coefficient 

„2bV 


between  code  letters  for  these  cases  Is  obtained  by  noting  that 


so  that  for 


a:  id  for 


Br  - (1/23)BT 


T - 153.3  ms,  B - 1 Hz,  Bt  - .0067,  p - 


T - 613.3  ms,  B - 1 Hz,  Bt  - .026,  p - .997 


Figure  8 illustrates  the  performance  when  we  still  have  flat-fading  but  the  RMS  Doppler 
spread  Is  Increased  to  10  Hz.  Thus,  for 


T - 153.3  ms,  B - 10  Hz,  Bt  - .067,  p - .978 


and  for 


T - 613.3  ms,  B - 10  Hz,  Bt  - .26,  p - .716  (24) 

Figures  9 and  10  are  the  corresponding  results  for  moderate  multipath,  and  Figures  11  and 
12  give  the  same  results  for  the  severe  multipath  case. 

For  the  flat-fading  model  an  MLSE  algorithm  is  not  required  since  no  significant 
multipath  is  Introduced.  Comparing  the  ideal  coherent  PSK  modem  results  on  Figure  2 to  the 
experimental  results  on  Figure  7,  we  note  that  for  operating  slgnal-to-nolse  ratios  below 
15  dB,  the  experimental  results  are  within  2 dB  of  the  Ideal  results.  The  difference  Is 
expected  and  can  be  directly  attributed  to  the  use  of  a practical  four-pole  Butterworth 
predetection  filter  of  bandwidth  2.66  MHz  and  to  the  appropriate  analog-to-dlgital  conver- 
sions used  In  the  Implementation  of  the  modem.  Figure  8 Indicates  that  for  high  signal-to- 
nolse  ratios,  the  Irreducible  error  Induced  by  the  Doppler  spread  Is  evident.  Reduction  In 
the  delay  produced  by  the  present  channel  measurement  circuitry  can  eliminate  this  reduced 
performance  at  high  Doppler  spreads,  Including  that  produced  by  airplanes.  However,  for 
tactical  tropo  good  performance  Is  required  at  low  SNR's  and  thus  improved  channel  measure- 
ment circuits  are  not  critical.  Nevertheless,  techniques  exist  for  reducing  the  sensitivity 
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of  this  exper intent *1  modem  to  high  Doppler  spreads  auch  ns  resulting  from airplanes  passing 
through  the  tropoacatter ' a common  volume.  The  In- band  dlverattv  available  via  the  channel'a 
multipath  la  evident  in  Figurea  9 through  12,  which  llluatratea  the  improved  performance 
poaaihle  for  multipath  proftlea  which  exceed  the  modema  baud  duration.  For  the  aevere 
multipath  profile,  the  irreducible  error  reaulta  from  both  the  effecta  of  Doppler  and  multi- 
path apread.  It  ahould  be  pointed  out  that  when  operating  with  dlveraitv  and/or  error 
correction  coding,  the  effecta  of  theae  irreducible  error*,  which  only  appear  at  high  signal- 
to-noiae  ratloa,  are  minor. 

Significantly  Improved  performance  la  available  by  uaing  an  Interleaved  hard  declalon 
Colay  code  aa  ltluatratcd  in  Figurea  7 through  12.  For  the  flat-fading  channel,  the 
required  decoding  delay  ia  somewhat  larger  than  that  required  for  the  multipath  profiles 
considered.  Hut,  for  all  profiles  with  an  RMS  Doppler  apread  of  10  llr,  a decoding  delay  of 
.613  second  la  sufficient  to  achieve  performance  near  the  ultimate  possible.  However,  it  is 
Important  to  note  that  even  for  an  RMS  Doppler  spread  of  l Hr,  significant  coding  gains  are 
achieved.  While  it  has  been  shown  that  when  the  correlation  coefficient  p - 1,  no  coding 
gain  is  possible  16),  it  la  interesting  to  note  that  coding  gains  are  possible  even  with 
values  of  p - .997  aa  in  (221,  The  loss  in  performance  due  to  the  correlation  between  code 
hits  is  indicated  on  all  these  figures  which  Include  the  performance  possible  when  sufficient 
interleaving  is  used  such  that  code  digits  can  be  assumed  to  be  independent. 

For  a fixed  decoding  delay  and  Doppler  spread,  the  correlation  loss  can  be  shown  to 
decrease  as  the  order  of  diversity  increases  and  thus  shorter  decoding  delays  are  possible 
when  this  single  diversity  unit,  Ml.T-1,  is  extended  to  operate  on  dual  or  quad  diversity 
tropo  links.  However,  even  for  single  diversity,  the  significant  Improvement  of  the  exper- 
imental results  on  Figures  9 through  12,  as  compared  to  Ideal  flat-fading  modem  results  on 
Figure  2,  indicates  the  Importance  of  in-band  frequency  and  time  diversity  for  obtaining 
reliable  digital  communtcat ions  over  tropoacatter  links.  Table  l illustrates  the  dH  reduc- 
tion in  transmitter  power  resulting  from  ln-hand  frequency  diversity  (modem  without  coding! 
and  the  dB  reduction  in  transmitter  power  resulting  from  the  combined  effect  of  in-band 
frequency  and  time  diversity  (modem  with  coding).  These  results,  obtained  bv  comparing 
Figure  2 to  Figures  9 through  12,  are  tabulated  for  a bit  error  rate  of  10*5  include  the 
implementation  losses  present  in  the  actual  experimental  unit.  The  reductions  in  transmitter 
power  are  even  more  impressive  when  error  rates  below  10*5  MVe  considered. 

All  present  experimental  results  for  Ml.T-1  were  obtained  with  no  explicit  diversity. 
Figure  13  illustrates  the  predicted  performance  on  this  modem  for  a range  of  multipath 
profiles  when  dual  explicit  diversity  is  available  and  the  delay  used  in  the  channel  mea- 
surement circuits  is  minimised . Under  these  conditions  the  performance  is  essentially  the 
same  for  H « 1 and  10  He. 

It  is  interesting  to  compare  the  Ml.T-1  performance  with  a coding  delay  of  1/2  second 
against  a fourth-order  diversity  UAR-1V  modem,  because  both  would  occupy  around  the  same 
bandwidth  and  achieve  the  same  data  rate.  By  examining  the  measured  results  for  the  1VAR-1V 
(7|  the  remarkable  result  is  found  that  its  error  rate  is  comparable  to  the  non-diversity 
Ml.T-l  codem  with  hard  decoding  when  both  have  the  same  total  received  power  available.  With 
soft-decision  decoding  the  Ml.T-1  codem  would  provide  equivalent  performance  with  consider- 
ably less  received  power  than  the  total  received  power  in  quad-diversity  operation  of  the 
nAR-IV. 


In  summation,  our  experimental  results  and  hardware  design  indicate  that  the  bene- 
fits of  in-band  diversity  (resulting  from  the  channel's  multipath)  can  be  obtained  effic- 
iently by  a digital  implementation  modem  based  on  an  Ml.SK  algorithm  and  the  benefits  of  time 
diversity  (resulting  from  the  channel's  time  variations)  can  be  obtained  by  interleaved 
coding  techniques.  Furthermore,  even  when  a coded  signal  la  transmitted,  bandwidth  nttllra- 
tlon  in  the  order  of  1 bps  per  He  of  bandwidth  can  still  be  maintained. 
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Table  1 


Comparison  of  Results  for  an  Ideal  PSK  Modem  With  Flat -Fading  to  the  Experimental 
Results*  for  Ml.T-1  (dB  Reduction  In  Power  Due  to  In-Rand  Diversity  Illustrated  at 
Hit  Error  Rates  of  10“ *) 


Modem  With 
( 24 ,12)  Golay  Code 
and  a Decoding  Delay 
of  613  ms 


Modem 

Without  Coding 


Moderate 

Multipath 


Severe 

Multipath 


The  performance  at  10  Hz  is  degraded  relative  to  1 Hz  due 
to  excessive  delay  in  channel  measurement  circuits.  This 
excessive  delay  can  be  removed  by  hardware  modification. 
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Figure  2 Coding  Performance  as  a Function  of  the  SNR  Per  Information  Bit,  Single 
Diversity,  CPSK  Modulation,  Flat  Rayleigh  Fading 
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Figure  3 Comparison  of  the  Interleaved  (24,12)  Golay  Code  With  Binary  and  Channel 

Measurement  Decoding  to  the  Performance  Possible  by  Diversity  Combining  (CPSK 
Modulation  With  Optimum  Diversity  Combining) 
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Figure  6 Laboratory  Test  Set-Up 


Figure  7 Experimental  Results  for  Flat-Fading  With  1 H*  RMS  Doppler  Spread 
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Figure  8 Experimental  Results  for  Flat-Fading  With  10  Hz  RMS  Doppler  Spread 


Modca  Dele  Rets  4.60*  Mbps 
NB  Filter  (2.66  NHs) 

Coley  Code  - Herd  Decision) 
No  explicit  Diversity 


Modea  Without 
Coding 


Coding  With  e 
Deley  of  611. I ni 
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Figure  10  Experimental  Results  for  Moderate  Multipath  (0,  -3,  -7,  -12,  -17,  -23,  -2 
at  10  Hz  RMS  Doppler  Spread 


Figure  11  Experimental  Results  for  Severe  Multipath  (-3,  0,  -1,  -3,  -5,  -7,  -10, 
-15  dB)  at  1 Hz  RMS  Doppler  Spread 
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AN  EXPER I MENTAL  MODEM  FOR  HF  CHANNELS 
USING  SPREAD-SPECTRUM  AND  BLOCK  ENCODING 


R.E.  Scheme l and  A.N.  I nee 
SHAPE  Technical  Centre, 
The  Hague , 

Net  her  land* . 


ABSTRACT : STV  la  currently  carrying  out  an  experimental  programme  to  Investigate  the 

performance  of  a spread-spect rum  HF  modem  designed  to  combat  multipath  and  Interference 
effects.  The  design  of  a prototype  system  Is  outlined  and  performance  results  are 
discussed.  The  features  of  the  modem  Include  automatic  synchronisation,  diversity 
operation,  provision  for  an  ARO  mode  and  more  elaborate  coding  methods. 

1 . introduct ion 

Multipath,  lntetference  and  fading  all  significantly  Impair  the  transmission  of 
digital  signals  In  the  HF  band.  Multipath  Is  caused  by  a signal  arriving  at  the 
receiver  by  two  or  more  paths  each  with  a different  t lme  delay;  In  disturbed  Ionospheric 
conditions  multipath  can  consist  of  a continuum  of  echoes.  Interference  arises  because 
too  many  transmitters  are  using  the  same  channel,  or.  frequencies  Immediately  adlacent 
to  It . 

The  HF  spread  spectrum  modem  (Ref  1)  Is  designed  to  minimise  the  first  two 
effects  by  the  use  of  special  modulation  techniques  and  coding.  The  Important 
characteristic  of  the  technique  Is  that  the  bandwidth  of  the  signal  transmitted  Is  much 
greater  than  the  Information  bandwidth  and  that  the  band  spread  is  determined  by  a 
pseudo-noise  (PN)  sequence  which  gives  protection  against  multipath,  noise  and 
Interference  of  Impulsive  nature. 

The  coding  employed  gives  a basic  performance  Improvement  of  about  t>  dB  over 
uncoiled  FSK , but  the  modem  employ,  In  addition  to  this  basic  coding,  a form  of  error 
detection  and  re-transmission  which  reduces  the  errors  caused  by  fading. 

Fading  can  also  be  counteracted  by  the  use  of  diversity,  and  this  can  be 
incorporated  in  the  modem.  In  addition  to  the  more  usual  forms  of  diversity,  that 
between  two  received  echoes  can  be  exploited  If  required. 

2 . Modem  Description 

A functional  block  diagram  of  the  SS  HF  modem  Is  given  In  Fig.  1.  The  various 
sub-systems  and  the  operation  are  described  Individually  below. 

2.1  Transmitter 

Input  data  Is  encoded  5 bits  at  a time  into  one  of  32  orthogonal  waveforms.  The 
total  waveform  set  consists  of  64  waveforms  each  64  bits  In  length;  32  of  the  set  are 
for  data  words,  four  are  special  characters  for  synchroniiat Ion  and  re-transmlsslon, 
and  the  remainder  Is  unused.  This  first  level  of  encoding  Is  designed  primarily  to  combat 
noise 'Inter ference  and  may  be  viewed  as  a simple  block  encoding  scheme. 

The  first  level  encoded  data  stream  Is  added  modulo-2  to  a long  binary  pseudo- 
random sequence  (PN) , the  clock  rate  of  which  can  be  set  In  the  range  1.3  to  85  Kblt/s. 

The  compos  1 1 e signal  then  phase  modulates  a carrier  prior  to  transmission.  The  maximum 
nN  rate  Is  set  by  the  time  dispersion  of  a single  propagation  movie.  It  appears  (Ref.  2) 
that  PN  rates  of  more  than  about  200  Kbit/s  may  not  be  feasible  without  the  use  of  more 
sophist lcated  adaptive  equaliser  techniques.  It  Is  this  second  level  of  encoding  that 
allows  the  reception  of  a single  propagation  movie  from  a multipath  sot,  the  other  movies 
giving  rise  to  uncorrelated  noise. 

2.2  Receiver 

Referrrlng  to  Fig.  1(b),  the  receiver,  which  is  described  from  an  intermediate 
frequency  onwards,  first  multiplies  the  input  signal  by  a correctly  t tmed  version  of 
the  original  PN  sequence,  thus  recovering  an  RF  signal  whose  phase  modulation  is  the 
orthogonal  waveform  actually  transmitted  but  corrupted  by  noise.  Note  that  in  practice 
the  mul t lpl icat ion  is  performed  on  the  local  oset 1 lator . 

The  IF  signal  Is  now  brought  down  to  baseband  by  in-phase  and  quadrature 
synchronous  detectors.  Each  channel  Is  digitized  and  Is  integrated  for  a time  equal 
to  one  bit  of  the  waveform.  The  result  Is  stored,  giving  64  samples  over  the  waveform 
period.  For  the  next  period,  a second  store  Is  switched  Into  operation,  leaving 
the  first  for  processing. 

The  store  Is  now  read  out  and  Is  correlated  with  each  of  the  possible  waveforms. 

To  qlve  an  equivalent  of  the  non-ooherent  correlation  detector  each  correlation  must  be 
squared  and  added  to  Its  corresponding  mate  on  the  second  channel,  thus  forming 
In*  ♦ On*’*  However,  this  Is  expensive  in  hardware:  instead  the  modulus  of  each  channel 
(s  added,  giving  a loss  tn  performance  of  about  0.6  dB.  As  each  correlation  progresses, 
the  two  largest  values  are  retained. 
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A second  path,  which  normally  comes  from  a second  receiver  but  which  can  be 
locked  Into  a different  echo  If  required,  also  provides  the  largest  two  correlations 
as  the  output  and  a selection  from  the  two  paths  Is  then  made.  The  largest  output 
represents  the  most  likely  waveform  transmitted,  and  after  decoding,  yields  the 
original  Input  data.  The  difference  between  the  largest  and  next  largest  outputs  gives 
a measure  of  the  error  probability,  and  this  Is  used  to  Initiate  a request  for 
re-transmlsslon  If  a pre-determlned  threshold  is  reached. 

2.3  Synchronisation 

The  receiver  requires 

- timing  for  the  pseudo-noise  sequence 

- bit  timing  for  the  A/D  converter/integrators 

- waveform  timing  for  the  start  of  signal 
processing  and  for  the  output  code 

All  these  timing  signals  are  derived  from  a master  clock  which  Is  locked  to  the  received 
PN  sequence..  lock  Is  maintained  by  a delay  lock  loop  (Fig.  2).  Initial  synchronisation 
of  this  Is  performed  In  both  directions  by  resetting  the  PN  sequence  at  the  beginning 
of  every  character,  thus  producing  a short  sequence  which  can  be  quickly  identified. 

The  locking  circuits  conduct  a drift  search  and  when  the  signal  has  exceeded  a 
pre-determlned  threshold  for  a given  length  of  tins*,  special  control  characters  are 
used  to  Inform  the  remote  end  of  the  circuit  that  acquisition  has  occured.  When  lock  is 
achieved  In  both  directions  the  PN  sequence  is  no  longer  reset  at  every  character. 

Once  locked  ail  other  timing  Is  also  In  synchronisation  and  will  remain  so, 
since  character  and  bit  timing  are  locked  to  the  PN  sequence  at  the  transmitter.  For 
point  to  point  circuits  the  maximum  drift  rate  of  the  received  echoes  is  about  50 
nanoseconds  per  second  (due  to  ionospheric  changes)  and  this  is  a small  fraction  ot  the 
minimum  chip  length  of  10  microseconds.  Thus  the  delay  lock  loop  is  essentially  a slow 
acting  device  of  narrow  bandwidth.  Short  term  fading  is  unlikely  to  affect  it,  but  as 
a precaution  the  loop  may  be  inhibited  during  fading.  The  clock  has  sufficient  stability 
to  cater  for  normal  fading  periods. 


3.  Operational  considerations 

One  characteristic  of  the  aynchroni tat  ton  technique  outlined  above  which  should 
be  noted  Is  that,  with  the  drift  search  mode,  the  receiver  always  locks  to  the  first 
multipath  component  above  some  threshold  value  - this  need  not  necessarily  be  the 
strongest  or  most  stable  component . If  two  separate  processing  paths  are  availabe, 
a different  component  can  be  selected  for  each  and  a mode  diversity  ootNblning  technique 
becomes  a possibility. 

Special  ci rcums t ances  will  also  arise  when  two  echoes  coalesce  or  when  a 
multipath  continuum  exists.  In  the  first  case  the  delay  lock  loop  tracks  the  stronger 
echo,  which  is  in  general  advantageous.  In  the  second,  which  happens  only  rarely, 
there  will  generally  be  specular  components  onto  which  lock  can  be  obtained.  In  extreme 
cases  tracking  may  not  be  possible. 

Certain  requirements  of  a minimal  nature  exist  in  order  that  signals  can  be 
correctly  decoded.  These  are 

(1)  The  chosen  echo  phase  and  amplitude  do  not  vary 
significantly  over  the  correlation  period  (e.g. 
about  150  msec  for  50-Baud  telegraph) 

(2)  The  chosen  echo  time  delay  remains  reasonably 
constant  over  the  chip  period  (10-100  microseconds) 

Requirement  (l)  is  met  for  point-to-point  HF  circuits.  Fading  and  phase  changes 
will  generally  be  less  than  observed  on  a composite  signal  and  thus  the  performance 
should  be  as  good  as  or  better  than  the  commercially  available  “Piccolo"  system  (Ref.  3) 
which  employs  a detection  process  which  is  conceptually  similar.  That  requirement  (2) 
is  satisfied  follows  from  the  phase  stability.  Under  normal  conditions,  i.e.  when  a 
good  specular  echo  Is  being  received  the  performance  or  the  equipment  will  be  about  t>  dR 
better  than  a simple  FSK  system  would  be  if  measured  with  gaussian  noise  interference. 

For  the  case  of  a multipath  continuum  this  performance  is  reduced  by  the  ratio  of  the 
chip  length  to  the  multipath  spread. 

Under  practical  conditions  the  simple  FSK  system  will  not  achieve  the  theoretical 
performance  because  of  intersymbol  interference,  other  user  inter ferenoe , etc.  In  the 
case  of  bad  multipath  interference  it  might  well  fall  completely.  The  transmission 
impairments  to  simple  FSK  become  progressively  more  severe  as  the  Information  rate  Is 
increased.  There  Is  no  such  limitation  with  the  spread  spectrum  modem,  but  it  must 
be  realised  that  the  echoes, which  are  not  used,  and  Interference  appear  as  uncorrelated 
noise  and  this  sets  a limit  to  the  Information  rate. 
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4 . Test  Results 

In  order  to  check  the  effectiveness  of  the  particular  implementation,  the 
performance  under  laboratory  conditions  usinq  an  HF  channel  similator  has  been 
measured  and  compared  with  the  theoretical  performance  figures.  The  measurements 
results  given  in  Fig.  3 show  that  the  measured  performance  is  in  the  range  0.5  to 
1 dB  worse  than  the  theoretical  values. 

The  prototype  SSHF  modem  is  currently  undergoing  practical  tests  and  only 
preliminary  results  are  available.  These  indicate  that  the  technique  has  considerable 
potential  to  merit  further  development. 
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DISCUSSIONS  AND  COMMENTS 
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SESSION  I i 

SCATTER  PROPAGATION  OF  ELECTROMAGNETIC  WAVES 


Paper  No:  l . l 

A.  N.  Ince  (STC) : X would  like  to  congratulate  Dr.  Gjesslng  on  his  lucid  presentation 
of  the  various  scatter  mechanisms  which  affect  communications  channels.  I would 
like  to  ask  him  why  he  omitted  to  deal,  in  his  review,  with  signal-strength  variability 
and  to  comment  on  the  correlation,  or  lack  of  it,  between  signal-strength  and  the 
delay  spectrum? 

D.  Gjesslng  (NO):  Dr.  Ince  is,  of  course,  raising  a very  Important  point,  namely 
that  of  the  factor  of  proportionality. 

In  the  lecture  I left  this  out  for  two  main  reasons.  The  first  reason  is  that 
this  has  been  studied  by  many  very  competent  workers  over  many  years.  It  has  for 
Instance  been  shown  that  the  median  value  of  the  field  strength  on  a transhorizon  path 
is  directly  related  to  the  standard  deviation  (r.m.s.)  of  the  refractive  index 
fluctuations.  Similarly,  the  average  or  the  median  bandwidth  is  related  to  the  average 
properties  of  the  refractive  index  irregularity  spectrum,  and  the  average  scattering 
cross-section  o is  determined  by  the  average  properties  of  the  scattering  object. 

In  my  lecture  I°have  stressed  the  factors  which  determine  the  variability  of  the 
parameters  of  interest.  Specifically  I have  been  addressing  myself  to  the  probability 
distributions  of  the  pertinent  radio  circuit  parameters  and  I have  tried  to  relate  this 
probability  distribution  to  that  describing  the  variability  of  the  medium.  I am 
therefore,  basing  my  work  on  contributions  from  earlier  scientists  in  the  field. 

The  second  reason  for  me  not  including  the  constant  of  proportionality,  is  that 
this  requires  very  accurate  and  tedious  calculations  involving  information  about  the 
constant  factor  (the  DC  term),  around  which  the  parameters  of  interest  vary. 

Then  to  your  second  question.  Is  there  a correlation  or  a lack  of  it  between 
signal-strength  and  the  delay  spectrum?  This  is  not  a very  easy  question  unless  we 
make  very  specific  assumptions  with  regard  to  the  atmospheric  refractive  index 
structure.  If,  for  instance,  we  assume  that  the  scattering  is  caused  by  a single  layer 
in  the  atmosphere,  then  we  know  that  the  larger  the  refractive  index  variation  is 
through  the  layer,  the  higher  is  the  strength  of  the  scattered  wave.  Similarly,  the 
thicker  the  layer  is,  the  wider  is  the  delay  spectrum.  Hence,  if  we  could  assume  that 
there  is  a direct  correlation  between  layer  thickness  and  the  degree  to  which  the 
refractive  index  varies  through  the  layer,  then  clearly  there  would  be  a direct 
relationship  between  signal  strength  and  the  width  of  the  delay  spectrum.  This, 
however,  is  not  a very  realistic  situation.  In  a realistic  model  of  the  atmosphere 
we  are  dealing  with  more  or  less  homogeneous  isotropic  turbulence  super-imposed  on  a 
layered  structure  (to  the  extent  that  one  can  imagine  isotropic  homogeneous  turbulence 
in  a layered  atmosphere).  Under  such  conditions  I see  no  direct  relationship  between 
signal  strength  and  width  of  the  delay  spectrum. 

D.  Brodtkorb  (NO) : Can  you  comment  on  the  aspect  of  phase  response  of  the  broadband 
radio  communication  channel? 

D.  Gjesslng  (NO):  I understand  your  question  as  follows:  In  a communication  system 
one  is  not  only  interested  in  the  bandwidth  properties  of  the  channel,  but  one  also 
needs  information  about  the  phase  response.  The  point  of  Dr.  Brodtkorb  is  well  taken. 
For  some  applications,  the  frequency  bandwidth  function  is  of  primary  interest  whereas 
in  other  applications  the  linearity  of  phase  is  the  major  factor.  If  you  are  dealing 
with  a line-of-sight  situation  then  I think  this  point  is  easily  visualized.  Referring 
for  example,  to  the  work  by  Lee  and  Harp  from  Stanford  University,  they  give  two  sets 
of  curves  relating  the  atmospheric  structure  to  parameters  of  direct  interest  to  the 
radio  communication  engineer.  They  give  the  amplitude  covariance  function  and  also 
the  covariance  function  of  phase.  From  these,  phase  distortions  as  well  as  amplitude 
distortions  may  be  calculated.  If  as  an  example,  our  problem  is  to  map  the  surface 
of  the  ground  by  the  use  of  a side-looking  radar  system,  then  both  the  amplitude 
covariance  function  and  the  phase  covariance  function  is  of  importance,  although 
perhaps  the  phase  function  playsa  dominating  role.  This  means  that  if  you  have  two 
receiving  elements  measuring  phase  and  amplitude  at  two  different  points  in  space,  and 
if  you  correlate  the  phase,  and  the  amplitude  respectively  as  you  move  the  two  points 
away  from  each  other,  then  you  will  find  in  general  that  the  phase  decorrelates  before 
the  amplitude  does.  When  dealing  with  the  over-the-horizon  situation  I think  this 
phenomenon  is  far  more  difficult  to  visualize.  Perhaps  by  inspecting  what  qoes  on  in 
a RAKE  troposcatter  system,  we  can  visualise  what  the  atmospheric  refractive  index 
irregularity  structure  does  to  the  phase.  Perhaps  Dr.  Monsen  who  I see  is  present  could 
comment  on  this. 


P.  Monsen  (USA):  I think  the  troposcatter  channel  is  a complex  Gaussian  channel  and  the 
whole  thing  is  described  by  second  moment  considerations. 


Papa r Wo:  1.2 
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J.  Blythe  (UK):  Could  I just  ask  you  how  closely  you  think  the  spectrum  of  the  turbulence 
In  your  model  Is  like  that  which  occurs  In  the  troposcatter  problem? 

W.  Burrows  (UK):  Unfortunately  there  Is  a tendency  to  Interpret  the  meaning  of  the 
word  Turbulence  In  as  many  ways  as  there  are  disciplines  in  which  It  is  used.  We  have 
created  specific  turbulence  structures  In  the  model,  by  using  techniques  familiar  to  the 
aerodynamlclst . The  elementary  properties  of  these  structures  have  also  been  measured, 
observed  and  confirmed  by  using  techniques  which,  again,  are  familiar  to  the  aerodynamlclst 

However,  in  our  search  for  correlation  between  the  relatively  fine  scale 
structures  and  the  fading  or  variations  in  the  'received  signal'  on  the  model  system, 
we  have  concluded  that  their  effects  are  of  little  consequence.  Indeed,  the  comparisons 
that  we  have  made  between  the  'received  signal'  spectra  obtained  from  our  full  scale 
system  and  the  identical  spectra  that  have  been  obtained  from  the  model,  have  lead  us 
to  the  conclusion  that  we  should  pay  more  attention  to  the  effects  of  the  large  scale  air 
mass  movements  that  are  taking  place  in  the  lower  atmosphere  rather  than  to  any  fine 
scale  structures. 

J.  Blythe  (UK):  Dr.  Burrows,  this  is  most  provocative. 

H.  P.  Williams  (STC) : I was  wondering,  how  do  you  sort  out  the  contributions  to 
aerosols  with  turbulence  factors?  Do  I get  you  right  that  you  are  using  2300  A°? 

W.  Burrows  (UK):  No,  1 am  using  6328  A°  llqht  in  the  visible  red  region. 

H.  P.  Williams  (STC):  Even  there  presumably  it  may  have  some  effect,  but  if  you  went 
oven  further  along  in  scale  you  would  be  having  very  distinct  effects  with  aerosols 
wouldn't  you?  I thought  at  first  you  said  2300  A°.  The  question  still  remains,  but  I 
think  not  so  strongly. 

W.  Burrows  (UK):  I think  the  simple  answer  to  your  question  is  that  if  aerosols  have 
any  effect,  we  have  not  seen  it. 

L.  Lew in  (USA):  Could  you  say  something  about  the  effect  of  dust  in  your  model? 

Perhaps  you  could  also  elaborate  a little  more  on  your  point  of  view  relating  to  the 
common  vo 1 ume . 

W.  Burrows  (UK):  Vea.  The  question  of  dust,  although  seemingly  trivial,  is  very 
important  in  this  type  of  modelling  technique.  We  have,  of  course,  seen  both  dust  and 
its  effects.  We  have  also  had  problems  with  the  occasional  insect,  which  we  have  come  to 
regard  as  a large  particle  of  dust  with  predictable  mobility! 

The  effects  of  dust  particles  on  the  fading  signal  observed  on  the  'model 
receiver'  are  quite  recognisable  and  are  very  different  from  those  due  to  air  mass 
movements  or  so-called  turbulence.  As  a result,  .lata  which  has  been  recorded  and 
subsequently  found  to  contain  'dust  responses'  has  been  discarded  prior  to  any  further 
analysis  in  our  programmes. 

A similar  situation  exists  in  respect  of  the  full  scale  900  MHz  link  that  has  been 
used.  With  the  transmitter  situated  on  the  South  Coast  of  England,  and  the  receiver 
terminal  at  Imperial  College,  London,  there  is  frequent  interference  from  air  traffic  in 
the  vicinities  of  both  Heathrow  and  Southampton  airports.  The  effects  of  aircraft, 
which  may  be  regarded  as  rather  large  "particles  of  dust",  are  readily  recognisable  and 
aro  well  known.  Again,  close  inspection  of  any  raw  data  recorded  from  the  full  scale 
system  will  reveal  the  presence  of  aircraft  alonq  the  path  and  the  data  sample  is 
discarded  in  order  to  keep  computer  costs  down  to  the  minimum. 

The  Common  Volume  is  perhaps  a very  controversial  issue.  The  generally  accepted 
common  volume,  at  the  intersection  of  both  transmitter  and  receiver  beams  in  a terrestrial 
transhorlzon  tropospheric  radio  system,  provides  a very  convenient  physical  model  for 
analytical  purposes.  However,  after  considerable  experimentation  on  the  model,  conducted 
In  parallel  with  observations  of  the  performance  of  a full  scale  system,  it  has  been 
concluded  that  this  traditional  common  volume  has  very  little  relevance  to  the  real 
situation  and  is,  therefore,  an  unacceptable  concept. 

The  only  common  volume  that  we  have  come  to  recognise  is  that  which  exists 
between  the  two  extreme  boundaries  at  the  two  ends  of  the  propagation  path.  The 
boundaries  in  the  vertical  direction  are  formed  by  the  earth's  surface  and  the  tiopopause 
with  'sides'  many  thousands  of  wavelengths  on  either  side  of  the  axis  of  the  transmltte: 
beam. 


Our  stud  es  have  shown  that  when  a narrow  beam  is  propagated  through  a gaseous 
medium,  which  is  supporting  a temperature  gradient,  the  beam  is  subject  to  considerable 
time-varying  distortion  along  its  entire  detectable  length.  The  extent  of  this  distortion 
is  commutative  along  its  length  from  the  source  and  is  the  result  of  a progression  of 
chanqes  in  the  refractive  index  gradient  profile  'surfaces',  normal  to  the  axis  of  the 
beam,  at  all  points  along  the  path  of  the  beam.  The  overall  effect  of  these  changes 
gives  rise  to  considerable  changes  in  both  the  shape  of  its  cross-section  and,  indeed. 
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the  position  of  the  effective  axis  which  Increases  with  distance  from  Its  source.  These 
effects  give  rise  to  at  least  two  simple  conclusions.  Firstly,  that  the  traditional 
so-called  common  volume  cannot  be  defined.  Secondly,  that  the  refractive  Index  gradient 
properties  of  the  whole  of  the  propagation  medium  volume  between  the  transmitter  and 
receiver  antennas  should  be  considered  In  relation  to  the  ultimate  progress  of  a 
transmitted  beam. 

Many  years  ago  I recorded  these  effects  on  clnG  film  which  was  shown  at  an 
E.P.P.  A.G.A.R.D.  meeting  In  Ankara. 

L.  Lewln  (USA) i I would  like  most  strongly  to  commend  this  paper  to  our  attention.  I 
believe  It  to  be  a very  significant  study,  and  one  of  whose  results  and  methods  we 
should  take  note.  I think  It  should  be  extended  In  the  direction  of  appropriate 
scaling,  (something  which  I believe  was  not  done)  and  also  to  accommodate  a humidity 
gradient  corresponding  to  what  we  believe  happens  in  the  real  atmosphere.  It  Is  a 
substantial  achievement  to  have  obtained  results  that  closely  mimic  typical  measured 
results,  but  we  should  be  careful  about  concluding  too  readily  that  the  atmospheric 
conditions  responsible  for  scatter  phenomena  have  therefore  been  correctly  simulated. 
There  may  well  be  finer  scale  structures,  both  In  time  and  space,  that  occur  In  the  real 
world  but  not  In  the  model. 

I would  mention  how  the  "Morphology  of  Physical  Laws"  first  prepared  by 
P.  Be  1 at  In  1 , In  which  the  presence  of  various  types  of  atmospheric  disturbances,  together 
with  their  scale,  structures,  velocity,  etc.,  was  predicted  from  very  fundamental 
considerations,  analogous  to  the  theory  of  dimensions.  These  features  may  well  be  in 
evidence  In  Burrows'  model,  and  the  opportunity  could  possibly  be  taken  to  bring  this 
unpublished  (posthumous)  material  to  light  In  the  context  of  these  experiments. 


Paper  No;  1.3 

J.  Blythe  (UK) t Could  I ask  If  you  have  attempted  any  experiments  to  validate  any  of  the 
theory  at  all? 

K.  Langenberg  (FRG) i No,  as  a matter  of  fact  I did  not.  A theoretical  Investigation  was 
stimulated  by  the  original  radio-wave  propagation  group  of  the  late  Professor  Brotr  at 
the  University  of  Hamburg. 

J.  Blythe  (UK):  Certainly  a very  Interesting  piece  of  work. 

S.  N.  Samaddar  (USA):  If  the  dimension  (height)  of  the  duct  is  many  wavelengths,  the 
representation  of  electromagnetic  fields  in  terms  of  lateral  waves  may  be  suitable. 

However,  if  the  dimension  (height)  of  the  duct  is  short  so  that  it  can  allow  only  one  or 
two  modes  (pole  contributions),  It  may  be  necessary  to  include  many  lateral  waves.  In 
other  worefe,  for  short  dimension  of  the  duct,  modal  representation  appears  to  be  convenient. 

K.  Langenberg  (FRG):  It  Is  not  only  a matter  of  direct  height  but  also  of  the  transmitter 
receiver  distance:  for  small  distances  the  lateral  wave  concept  Is  the  only  one  available 
whereas  for  large  distances  one  does  best  to  use  a modal  representation.  The  transition 
from  one  model  to  the  other  can  be  clearly  Investigated  by  the  presented  theory. 

Paper  No:  1,4 

J.  A.  Wick  (USA):  The  conjecture  contained  In  a series  of  papers  by  Bathias  and  Battestl 
Indicates  that  climate  type  (and  Inherent  variability  In  scatter  cross-section  with 
height)  may  have  a significant  influence  upon  the  variation  of  coupling  loss  with 
distance,  especially  at  shorter  range.  It  would  appear  that  consideration  of  the 
tendancy  for  high  degrees  of  stratification  In  Maritime  climate  as  opposed  to  subref tactlve 
conditions  found  In  desert  climates  would  allow  1)  better  correlation  of  the  major  data 
case  with  theory  and  1)  allow  a model  to  be  formulated  which  would  yield  more  accurate 
predictions  In  a given  climatic  region. 

L.  lewln  (USA):  This  Is  an  Interesting  comment.  But  any  valid  model  must  explain  t lie 

behaviour  over  both  sea  and  land.  Conceivably  it  may  be  easier  to  put  together  the 

basis  of  a valid  model  by  first  working  with  maritime  parameters.  An  alternative  Is  the 
experiment al  laboratory  model  of  Burrows  (see  paper  1.2). 

r.  Gruber  (USA):  Why  was  the  CCIR  aperture  - medium  coupling  loss  formula  Introduced? 

Would  you  recommend  not  to  use  the  CCIR  aperture  to  medium  coupling  loss  formula  since 
It  Is  pessimistic,  shows  unrealistic  losses  for  high  gain  antennaos  and  In  particular 
disregards  the  scatter  angle. 

L.  Lewln  (USA):  t don't  want  to  be  finding  myself  In  the  position  of  damning  any 
particular  formula  or  author.  t have  not  done  the  experiments  that  1 have  freely  quoted 
here.  I can't  take  responsibility  for  their  accuracy.  What  I do  find  Is  that  the 
majority  of  the  calculations  from  many  different  sources  do  not  give  as  high  a loss  as 

the  CCtRformula  and  t think  its  probably  an  over  simplification  to  have  any  formula 

that  really  doesn't  depend  on  the  scatter  angle  or  distance.  My  impression,  and  It  Is 
purely  a subjective  Impression,  1s  that  the  curve  was  |>ut  together  at  a tlnr> 

when  there  was  just  not  that  much  data  known  and  somebody  wanted  something  to  put  in  and 
they  put  this  In  and  maybe  they  wanted  to  see  It  merely  ns  a historic  attempt  to  deal  with 
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It  at  an  early  stage  and  that  It  Is  now  taken  over  by  other  data.  I would  tend  to  see 
it  In  that  light. 

P.  Gruber  (USA):  I believe  that  the  CCIR  approach  Is  conservative  and  one  can  go 
wrong  using  this  calculated  coupling  loss,  since  the  CCIR  formula  could  be  In  error  by 
lOdb  especially  if  Gj  *■  G2  “ 100  to  llOdb  It  would  mean  the  difference  between  a lkw 
or  lOkW  transmitter  which  Is  not  acceptable,  In  the  competitive  commercial  world. 

It  appears  that  Fig.  1 t 2 (Paper  1.4)  "Proposed  Curve"  might  be  more  realistic. 

A.  N.  Ince  (STC) : Perhaps  we  all  agree  that  more  controlled  experiments,  including 
laboratory  simulations  of  the  kind  Dr.  Burrows  talked  about  earlier  (Paper  1.2)  are 
required  to  address  some  of  the  Issues  raised  here;  experiments  where  one  is  concerned 
not  only  with  signals  at  the  Input  and  output  of  the  transmit  and  receive  antennas  but 
also  with  what  really  happens  In  between  the  two  antennas.  Having  said  this  1 would  like 
to  make  two  comments  of  practical  Interest  in  relation  to  antenna  size  and  antenna-medium 
coupling  loss.  Referring  to  figures  1 and  2 In  Prof.  Lewin's  paper  you  will  observe 
that  the  coupling  losses,  as  given  by  various  authors,  are  almost  all  within  1-2  dB  of 
the  CCIR  value  when  the  range  Is  in  the  Interval  200-350  Kms  which  coversalmost  all 
practical  cases  . Practically  speaking  1-2  dB  uncertainty  due  to  this  factor  can  be 
considered  not  to  be  very  significant  when  this  is  compared  with  the  overall  performance 
prediction  uncertainty  which  Is  often  In  the  order  of  10  dB  (see  paper  4.1).  The  second 
comment  I would  like  to  make  Is  that  when  determining  the  antenna  size  for  an  application 
we  should  consider  not  only  the  coupling  loss  which  affects  the  signal  strength  but  also 
the  dispersion  which  affects  lnter-modulatlon  noise  in  analogue. and  inter-channel 
Interference  in  digital  systems  and  which  improves  with  increasing  antenna  size. 

W.  Burrows  (UK):  I can  assure  both  Dr.  Ince  and  Prof.  Lewln  that  we  have,  In  fact, 
conducted  the  type  of  exercise  to  which  they  refer.  I didn’t  have  the  time,  in  my 
presentation,  to  give  details  of  all  my  experimental  work. 

In  both  the  model  and  full  scale  links,  firm  relationships  have  been 
established  between  : 

(I)  Depth  of  fading  and  atmosphere  lapse  rate  and 

(II)  Rates  of  fading  and  surface  wind  velocity  normal  to  the  path. 

Also  by  using  the  model  we  have  concluded  that  there  Is  a preferred  vertical  'angle 
of  shoot*  for  a specific  lapse  rate  along  the  path.  There  Is  also  a preferred  azimuthal 
'angle  of  shoot'  for  a given  surface  wind  velocity  normal  to  the  path. 

Both  of  these  results  have  been  confirmed  in  reality  on  our  full  scale  900  MHz 
system.  Fortunately,  we  were  using  12ft.  diameter  'Dish'  antennas  which  were  readily 
adjustable  In  both  azimuth  and  elevation.  An  exercise  of  this  type  would  be  extremely 
difficult  and  costly  with  a 60ft.  diameter  antenna. 

The  effects  of  different  size  antenna  apertures  have  also  been  the  subject  of  modest 
Investigation.  Because  of  limited  financial  resources,  the  simple  properties  of  only  two 
different  diameter  antennas  have  been  examined.  From  the  results  we  obtained,  It  would 
appear  that  reducing  the  size  of  the  aperture  of  a receiving  antenna  increases  the 
magnitudes  of  the  high  frequency  components  present  in  the  spectra  of  variations  or  fading 
in  the  received  signal.  The  larger  aperture  antenna  clearly  integrates  the  complex 
Incident  wavefront  to  produce  a smoothing  effect. 

Other  results  also  show  that  increasing  a receiver  antenna  aperture  under  the 
so-called  very  weak  signal  condition  does  not  produce  the  Increase  In  gain  predicted 
by  the  plane-wave  theory.  Indeed,  the  "power  collecting  efficiency"  of  a receiving 
antenna  would  appear  to  be  significantly  related  to  the  propagation  conditions  along  a 
given  path. 

Both  of  these  features  have  been  examined  and  confirmed  in  the  model  for  a wide 
range  of  "receiver  antenna"  apertures.  The  only  expenses  incurred  being  the  cost  of  a 
range  of  "electron  microscope  apertures"  and  which  was  negligible. 

It  may  be  of  interest  to  note  that  in  the  measurements  made  on  both  the  full  scale 
system  and  Its  model,  Antenna  to  Medium  coupling  loss  figures  did  not  in  any  Instance 
account  for  the  discrepancies  between  theory  and  practice. 

I.  M.  Vogt  (STC):  In  your  presentation  you  stated  that  narrowing  the  beamwidth  of  the 
antenna  would  result  In  zero  additional  gain  if  the  scatter  volume  were  to  provide 
homoqenlous  scattering  efficiencies,  as  It  would  for  very  narrow  beam  antennas.  Whereas 
this  would  be  true  if  one  beam  were  narrowed,  however  some  gain  would  result  if  both 
transmitter  and  receiver  antenna  beam  widths  were  reduced.  Actually  a gain  of  3dB  should 
result  from  Increasing  the  qaln  of  each  antenna  by  6dB.  Is  my  understanding  of  your 
paper  in  this  respect  correct? 

L.  lewln  (USA):  Yes,  this  feature  Is  described  In  section  3.1  of  the  paper.  It.  Is  a 
function  of  the  size  of  the  scatter  volume  relative  to  the  beamwidth  of  the  receiver 
antenna,  but,  of  course,  the  al locat Ion  of  the  gain  to  only  one  antenna  Is  quite  arbitrary 
the  received  power  is  a function  of  the  parameters  of  the  entire  link. 


S.  Park  (USA) : I believe  that  one  reason  why  there  is  so  much  confusion  about  the 
coupling  loss  is  that  it  is  very  often  not  very  well  defined.  There  are  really  two 
ways  of  looking  at  it  and  I would  like  to  know  which  is  the  way  you  look  at  it.  One  is 
to  consider  what  happens  if  you  double  the  aperture  on  an  actual  link:  What  would 
you  gain  by  doing  that?  You  can  make  experiments  and  you  can  get  coupling  loss  that 
way.  The  other  way  would  be  to  set  up  a model  of  path  loss  in  the  troposphere  and 

associated  with  the  model  you  associate  a formula  for  the  coupling  loss.  If  you  use  a 

different  model  you  get  a different  formula  for  the  coupling  loss,  and  that  is  why 
in  the  literature  you  find  many  different  formulas  for  coupling  loss  because  they  use 
different  scattering  mechanisms.  Now  are  you  referring  to  a coupling  loss  through  a 
specific  model  or  are  you  considering  the  coupling  loss  as  a concept  of  the  fraction  of 
scattered  power  to  the  available  scattered  power? 

L.  Lewin  (USA) : Let  me  make  it  clear  that  my  paper,  to  the  extent  that  it  is  a valid 
survey,  has  looked  at  models  from  a number  of  different  authors  and  has  tried  to 
reconcile  their  findings,  and  also  their  findings  with  experiments.  Most  of  the  authors 
do  deal  with  a model  which  predicts  various  scattering  laws,  mostly  amounting  to  an 
inverse  power,  and  granted  that  that  is  happening  what  I have  tried  to  understand  for 
myself  is  "What  is  the  meaning  of  this  in  terms  of  the  physics  of  what  is  going  on?" 

The  best  that  I can  describe  it,  and  I would  like  to  see  it  subject  to  an  adequate 

experimental  verification,  is  that  there  is  a common  volume  and  that  when  you  increase 
the  size  of  the  antennas  you  are  decreasing  the  availability  of  the  common  volume  but 
you  are  also  increasing  your  capacity  to  pick  up  from  what  common  volume  you  are  picking 
up  from,  and  that  to  the  extent  that  the  scatterers  would  be  uniform  I believe  that  one 
would  more  or  less  balance  the  other.  But  when  you  narrow  the  antenna  beam  you  can  also 
point  it  lower  down  with  advantage  and  this  picks  up  the  stronger  scatterers.  Therefore 
there  is  an  improvement  and  it  may  or  may  not  be  the  full  amount  of  the  extra  antenna 
gain.  If  you  don’t  get  it  you  call  it  antenna  coupling  loss  and  I am  not  really  sure 
that  it  is  too  helpful  to  do  that.  This  is  the  best  picture  that  I have,  and  as  I said 
I would  like  to  see  it  subject  to  confirmation  experimentally.  There  is  an  additional 
feature  which  has  been  stressed  here  by  Dr.  Ince  and  that  is  that  we  shouldn't  be 
hypnotized  only  with  gain  but,  particularly  when  we  are  talking  about  digital  systems, 
we  are  concerned  with  arrival  times,  and  I think  that  quite  generally  as  you  get  the 
larger  antenna  you  narrow  your  acceptance  range  and  you  narrow  the  spread  of  arrival 
times,  so  from  that  point  of  view  there  may  well  be  a gain  even  if  there  isn't  a full 
aperture  gain  to  be  realized.  This  is  the  best  I can  do,  I am  afraid. 


Paper  Not  1.5 

P.  Monsen  (USA) : A decision-feedback  equalizer  for  troposcatter  applications  at  data 
rates  up  to  12.6  Mb/s  has  been  developed  and  tested  on  actual  links  both  in  Europe  and 
the  U.S.  As  pointed  out  in  Mr.  Schmitt's  talk,  airplanes  in  the  common  volume  represent 
one  of  the  most  severe  disturbances  to  the  equalizer.  Our  tests  show  that  the  equalizer 
developed  by  Sy lvania/Signatron  in  most  cases  could  accommodate  the  airplane  phenomenon. 
The  link  reported  on  my  Mr.  Schmitt  also  has  rather  severe  multipath  characteristics. 

F.  Schmitt  (FRG) : Of  course  I know  about  the  theoretical  work  that  has  been  done 
by  you,  but  until  now  I was  not  aware  of  any  test  results  of  the  performance  of  your 
equalizer  on  a real  troposcatter  path.  I am  very  interested  in  these  results,  because 
we  are  also  designing  an  equalizer  to  be  used  on  our  path,  which  we  feel  to  be  an 
extremely  difficult  one  to  equalize. 

A.  N.  Ince  (STC) : I have  two  questions.  The  first  relates  to  the  correlation  between 
transmission  loss,  or  as  you  called  it  signal  strength,  and  the  time  spread.  If  I 
understood  you  correctly  you  found  between  loss  and  time  spread  a positive  correlation 
(or  negative  correlation  between  dispersion  and  signal  strength).  Could  you  please 
comment  on  whether  or  not  you  expected  this  or  whether  the  opposite  or  no  correlation 
at  all  might  have  been  justified  on  theoretical  grounds?  I wonder,  Mr.  Chairman,  if 
I may  invite  comments  from  the  audience  on  this  particular  issue  as  well  as  on  the  second 
question  that  I have  which  relates  to  doppler  spectrum.  If  Dr.  Schmitt  measured  doppler 
could  he  comment  if  the  spectrum  was  symmetrical  or  not  and  relate  this  to  vertical 
or  horizontal  air  motions  giving  rise  to  disturbances  in  the  so-called  common  volume? 

F.  Schmitt  (FRG):  In  fact,  we  did  not  make  measurements  of  the  doppler  on  our  test  link 
as  far  as  the  correlation  between  the  signal  strength  and  the  delay  spread  is  concerned, 
we  observed  correlation  in  the  case  of  night  time  measurements  when  there  was  a high 
degree  of  statistical  stationarity . 

J.  A.  Wick  (USA) : The  positive  correlation  between  increasing  path  loss  and  increasing 
multipath  spread  was  also  observed  by  Bello  on  the  RADC  L-Band  link  and  by  Bukemeler 
on  the  Collins  Radio  - University  of  Wisconsin  I,  Band  link. 

Bukemeler  processed  the  doppler  spectrum  and  found  that  the  width  of  these 
doppler  spectra  (corresponding  to  fade  rate)  was  directly  related  to  the  cross-path 
component  of  wind  speed  in  the  common  volume. 

The  interrelation  between  multipath  spreading  and  path  loss  at  L band  can  be 
strongly  correlated  to  atmospheric  stratification  as  was  also  shown  by  Bukemeler. 


tvo 


Paper  Nos  1.6 

L.  Lew  In  (USA) i Strict  the  number  observed  Is  Independent  of  frequency  1 would  expect  the 
number  observed  to  be  the  number  that  actually  enter  the  atmosphere  and  I don't  see  why 
this  exhibits  a minimum  at  a certain  time  of  day.  Should  It  not  be  the  same  throughout 
the  24  hours? 

G.  H.  Ml  liman  (USA):  This  question  can  best  be  answered  by  noting  that  meteors  are  for 
the  most  part  travelling  In  the  plane  of  the  earth's  orbit.  On  the  night  side  of  the 
earth,  meteors  which  move  in  the  same  direction  around  the  sun  as  the  earth  moves  and  with 
velocities  greater  than  that  of  the  earth  cmly  will  be  observed.  In  the  morning  hours, 
meteors  travelling  In  both  the  same  and  opposite  direction  to  that  of  the  earth  will  be 
swept  up  by  the  earth.  This  results  in  a maximum  and  minimum  rate  of  occurrence  at 
approximately  0600  and  1800  hours  local  time,  respectively. 

H.  P.  Williams  (STC) : I felt  distinctly  embarassed  at  the  first  figures  that  Dr.  Millman 
showed  because  he  was  using  101"  electrons  per  meter  as  an  over-dense  case  and  I intend 
later  on  In  my  paper  (4.4)  to  use  It  as  an  under-dense  case.  For  the  benefit  of  those 
who  may  not  have  looked  Into  these  things,  the  limits  given  depend  upon  the  way  you 
calculate  it  and  they  vary  from  9.9  x 10**  to  2.2  x 10*’. 

G.  H.  Millman  (USA):  McKinley  (D.W.R.  McKinley,  "Meteor  Science  and  Engineering", 
McGraw-Hill  Book  Co.,  1961)  cites  the  transitional  value  of  the  line  density  of  the 
meteor  trail  from  the  underdense  to  the  overdense  case  as  2.4  x 101*  electrons/m. 

Manning  and  Eshleman  (L.A.  Manning  and  V.R.  Eshleman,  "Meteors  in  the  Ionosphere", 

Proc.  IRE,  Vol.  47,  pp  186-199,  February  1959),  on  the  other  hand,  define  the 
transition  point  by  1.1  x 101’  electrons/m. 


Pape t Mo:  1.7 

J.  Blythe  (UK) : May  I enquire  If  you  have  attempted  any  experimental  work? 

A.  Javod  (Canada):  We  have  done  some  limited  experimental  work.  We  have  received  via 
meteor  trails  bursts  of  TV  images  from  Channel  2 emitters  (56-60  MHz)  located  well  beyond 
line  of  sight.  This  has  been  done  with  a receiving  station  located  in  Pakistan  (where  I 
was  before  moving  to  Canada)  and  with  another  receiving  station  located  In  Illinois. 

From  an  estimate  of  the  resolution  of  the  received  pictures  (photographically  recorded) 
and  from  the  examination  of  the  risetlme  of  the  received  synch  pulses  we  could  conclude 
that  the  channel  bandwidth,  at  the  beginning  of  the  trail  formation,  is  equal  to  or  larger 
than  4 MHz. 

N.  M.  Maslin  (UK):  Dr.  Javed,  your  calculations  consider  great-circle  propagation,  is 
that  correct?  At  the  levels  of  transmitter  power  that  you  are  considering  (i.e.,  100  kw)  , 
you  will  get  interference  from  sporadic  E and  from  ionospheric  forward  scatter.  I 
believe  that  It  is  an  experimental  fact  that  you  observe  meteor  trail  reflections  not 
exactly  from  great  circle  propagation  but  slightly  to  the  side,  from  the  so-called  "hot 
spots".  What  would  your  reaction  be  to  a communication  system  which  tried  to  avoid  these 
Interfering  modes  of  sporadic  E and  ionospheric  forward  scatter  by  using  perhaps  a split 
beam  antenna  which  might  try  to  pick  up  those  "hot  spots"  and  thus  avoid  some  of  the 
interfacing  modes  that  you  might,  get  at  the  power  levels  that  you  are  using? 

A.  Javed  (Canada) : The  answer  to  the  first  question  Is  affirmative. 

The  answer  to  the  second  question,  how  to  avoid  inte i ferences , Is  more  difficult. 

By  the  way,  airplanes  also  are  a source  of  serious  Interference  In  many  locations,  such 
as  the  site  In  Illinois  where  we  conducted  part  of  our  measurements.  My  Inclination 
would  be  to  approach  the  problem  from  a data  processing  standpoint.  Meteor  echoes 
have  something  peculiar:  the  Fresnel  pattern  at  the  beginning  of  their  appearance.  This 
pattern  could  be  "recognized"  and  the  link  could  be  "enabled"  only  when  the  pattern  is 
present.  I know  that  some  step  in  this  direction  has  already  been  taken  and  meteor 
echo  processors  have  already  been  built  and  used  in  the  field,  although  they  use  "recog- 
nition" criteria  other  than  Fresnel  pattern  monitoring.  Apparently  they  have  been  proven 
quite  effective  against  at  least  sporadic  E and  airplane  Interference. 


Paper  No:  1.8 

G.  H.  Millman  (USA):  Were  you  able  to  correlate  the  velocities  of  the  Irregularity 
patches  with  magnetic  activity?  What  was  the  frequency  dependency  of  the  scintillation? 

J.  Aarons  (USA):  Frequency  dependence  may  range  from  f°  to  f-^,  Rayleigh  fadinq  can 
be  observed  at  two  frequencies  therefore  we  note  an  f°  dependence.  With  weak  scattering 
the  dependence  Is  found  to  be  most  often  f'1’. 

L.  W.  Barclay  (UK):  Dr.  Aarons  description  of  the  post-sunset  equatorial  Ionosphere 
was  most  Interesting.  Scatter  propagation  using  these  Irregularities  has  been  observed 
from  the  ground  for  many  years.  Perhaps  the  fltst  report  was  by  Orsborne  and  Humby  In 
the  early  1950's  who  noted  pronounced  signalling  distortion  on  an  HF  telegraph  channel 
between  Singapore  and  UK.  Trans-equatorlal -propagat Ion  at  frequencies  up  to  100  MHz 
has  been  observed  In  differing  longitude  zones  : between  North  and  South  America;  between 
Southern  Africa  and  the  Mediterranean  and  between  Japan  and  Australia.  These  observations 


may  help  in  a study  of  the  longitudinal  and  solar  activity  variations  in  the  occurrence 
of  the  effect. 

When  this  effect  occurs  HF  north-south  paths  may  depart  substantially  from  the 
great  circle.  Oblique  soundings  between  Tsumeb  and  Lindau  have  shown  signals  which  arrive 
at  up  to  60°  from  the  great  circle. 

J.  Aarons  (USA):  The  patches  I describe  in  our  paper  are  50-200  km  EW  and  500-1000  km  NS. 
Each  patch  moves  as  a whole  (EASTWARD)  and  therefore  at  times  we  would  expect  to  see 
scattering  off  great  circle.  During  some  nights  there  are  many  patches  and  the  best 
signal  might  be  noted  near  great  circle  paths.  We  have  used  trans-equatorial  scattering 
data  to  understand  the  phenomenon  of  the  patch;  see  our  paper  recently  accepted  by  the 
Journal  of  Geographical  Research. 

A.  N.  Ince  (STC) : Could  you  comment  on  the  electron  density  changes  involved  here  and/or 
compare  them  with  those  obtained  in  artificial  heatings  of  the  ionisphere?  (See  paper 
4.1) 

J.  Aarons  (USA) : This  first  of  all  seems  to  be  a depletion  and  the  only  thing  that 

affects  a scintillation  is  AN  rather  than  AN/N.  The  density  that  could  account  for  this 

can  be  something  of  the  order  of  50%  of  the  normal  N in  this  region  at  this  time  with 
a depth  of  50  to  100  kilometres,  10%  to  50%  (and  at  times  almost  100%)  could  account 
for  the  very  deep  fading  that  we  see. 

A.  N.  Ince  (STC):  50%  of  N is  a big  change.  That  is  almost  a hole  is  it  not! 

J.  Aarons  (USA):  Well  the  data  from  the  AE  measurements  are  even  more  violent  than  that. 

What  they  say  is  that  they  have  measured  depletions  of  several  orders  of  magnitude 
below  N.  In  other  words  they  come  to  a region  in  the  F region  where  the  electron 
density  is  several  orders  of  magnitude  below  that  of  the  surrounding  region,  but  that  is 
the  big  bubble  rather  than  the  small  scale  irregularities  within  the  big  bubble. 

These  are  measurements  that  McClure  made  using  the  AE  satellite  information 
published  two  months  ago  in  JGR. 

H.  P.  Williams  (STC):  Changes  of  that  magnitude  are  so  dramatic  that  I feel  there 
must  be  some  fairly  straightforward  explanation.  What  sort  of  explanations  have  been 
advanced  so  far? 


J.  Aarons  (USA) : Well  maybe  some  better  theoreticians  than  I am  would  talk  about  it 
perhaps  K.C.  Yeh  would  like  to  do  so. 

K.  C.  Yeh  (USA) : I think  the  current  understanding  is  that  in  the  underside  of  the  F region 
sometimes  the  density  can  be  very  steep.  Hence  you  have  a situation  of  heavy  fluio 

on  top  of  light  fluid  which  is  intrinsically  unstable  and  if  you  have  any  perturbation 
you  have  what  is  known  as  interchange  instability  and  this  would  be  manifested  in  the 
form  of  a bubble  which  would  be  rising  up  to  the  top  of  the  F region  where  the  ambient 
density  is  the  same  as  the  density  where  the  region  of  instability  occurred  and  is 
rising  because  of  the  process  involved  and  might  create  small  scale  irregularities.  So 
this  is  the  current  understanding  of  the  problem. 

A.  N.  Ince  (STC) : You  mean  to  say  that  this  is  the  mechanism  which  gives  rise  to 
50%  change  in  N that  Dr.  Aarons  referred  to? 

K.C.  Yeh  (USA) : This  has  been  measured  by  in  situe  measurements  and  the  theory  does  not 
have  the  sophistication  to  predict  that  yet  because  such  a large  change  requires  a non- 
linear theory  to  explain  it  and  non-linear  theories  are  hard  to  handle. 

S.  N.  Samaddar  (USA):  I have  not  seen  your  mathematical  analysis. You  mentioned  that 
you  had  included  the  effect  of  some  multiple  scattering  in  your  theory.  How  and  by  what 
method  (mathematical)  have  you  done  that?  Was  it  Rytor  method? 

K.  C.  Yeh  (USA):  All  the  multiple  scattering  effects  are  included  except  the  back 
scattering.  The  method  is  known  as  the  parabolic  equation  method  whereby  a transport 
equation  for  the  two-frequency  two-position  mutual  coherence  function  is  derived. 


S.  N.  Samaddar  (USA) : 
equation? 


What  do  you  mean  by  that?  Are  you  talking  about  some  differential 


K.  C.  Yeh  (USA):  Yes,  the  differential  equation  satisfied  by  the  mutual  coherence 
function  was  projected.  Details  can  be  found  in  a paper  which  will  appear  in  the 
forthcoming  issue  of  Radio  Science. 


Paper  No:  1.10 

H.  P.  Williams  (STC):  I take  it  that  the  scale  you  had  for  visibility,  when  you 
referred  to  meteorological  visibility,  was  the  usual  definition  of  a large  black 
object  on  the  horizon,  was  it?  In  the  part  of  the  world  where  I come  from  3 miles 
is  often  regarded  as  fairly  good  visibility  so  that  there 


would  be  tremendous  different  feelings  In  the  experiments  done  In  California  and  what 
you  would  get,  say,  in  the  North  Sea. 


H.  Cellar  (USA) t I hope  that  t did  not  give  the  Impression  that  this  is  an  all  weather 
system.  It  Is  generally  for  those  regions  where  the  visibility  Is  high.  For  Instance 
the  statistics  show  that  In  the  Mediterranean  you  do  have  generally  high  visibility. 

I.  M.  Vogt  (STC) i I understood  you  to  say  that  the  scintillation  on  the  ducted  beams 
was  considerably  larger  than  the  scintillation  on  the  scattered  beam.  Do  you  have 
any  explanation  for  this? 

M.  Cellar  (USA) t The  apparent  source  sire  of  the  scatter  beam  is  much  larger  so  you 

get  a lot  of  aperture  averaging  compared  with  the  direct. 

I.  M.  Vogt  (STC) i I could  understand  it  if  you  had  a noncoherent  source  of  radiation 
but  you  are  using  a laser  aren't  you? 

M.  Cel ler  (USA):  The  coherence  doesn't  enter  into  the  picture  at  all  in  the  sense  that 

our  energy  detection  system  is  a non-coherent  system.  You  can  do  the  same  experiments 

with  an  incoherent  source,  if  you  had  a source  that  would  emit,  say,  quarter  of  a 
megawatt  power  10  nanno  second  pulses.  The  fact  that  we  just  use  a laser  is  because 
it  is  the  only  source  available  with  those  characteristics.  We  don’t  use  the  coherence 
at  all. 


End  of  Session  I 
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TECHNIQUES  FOR  PROPAGATION  MEASUREMENTS 
AND  CHANNEL  SIMULATIONS 


Papers  2.1  and  2.2 

A.  N.  Inc*  (STC) t Simulators  whether  of  the  synthetic  or  the  stored~channel  type  are 
being  built  basically  for  use  in  the  performance  comparison  of  various  modems  and  yet 
it  seems  to  me  that  the  modem  designers  are  seldom  informed  about  the  characteristics 
of  the  simulators  which  are  eventually  employed  to  test  their  modems.  Do  you  think 
that  there  is  adequate  communication  and  feedback  between  the  designers  of  simulators 
and  modems? 

P.  Bello  (USA):  I think  the  answer  may  be  seen  in  Fig.  1 of  Paper  2.1  which  shows  all 
the  communications  that  should  exist  between  the  people  doing  the  designing  and  building 
the  simulators , the  modems  etc.  However,  as  you  said,  there  is  a communication  gap 
between  the  groups  concerned;  there  is  not  enough  feedback,  there  has  never  been 
enough  feedback,  there  probably  never  will  be,  because  of  the  diverse  organisations 
involved  in  funding,  contracting  etc.  One  hopes  that  a conference  such  as  this  may 
establish  some  feedback  between  the  designers  of  simulators  and  modems  in 
different  countries  even  in  the  same  country.  It  is  a problem  we  all  have  and  I cannot 
offer  a good  solution. 

A.  N.  Ince  (STC):  An  approach  to  this  problem  which  might  be  taken  by  an  organisation 
wanting  a new  modem  to  be  developed  could  be  to  have,  first  of  all  the  simulator  built 
and  described  and  then  give  this  to  the  modem  manufacturer  and  tell  him  that  this  is 
the  channel  through  which  his  modem  is  expected  to  work.  If  this  is  not  done  I feel 
that  the  time  and  effort  taken  to  build  a channel  simulator,  after  the  event  as  it 
were,  would  not  help  the  desired  modem  to  be  produced. 

P.  Bello  (USA):  I agree  but  what  happens  in  reality  is  that  everybody  has  got  schedules 
and  they  want  the  modem  delivered  by  a certain  time.  They  do  not  want  to  wait  till 
the  channel  model  is  developed,  checked  out  and  validated  and  a simulator  built  before 
they  go  ahead  and  design  their  modem.  However,  I concur;  may  be  the  whole  world  will 
slow  down  but  they  are  all  in  too  big  a rush  anyway.' 


End  of  Session  II 
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PROPAGATION  HAZARDS  FOR  COMMUNICATIONS 


Pape  r No : 3.1 

L.  Lewln  (USA):  Was  the  nature  of  the  calculation  of  the  field  expansion  expressions 
such  as  to  require  the  assumption  of  the  validity  of  the  Raleigh  hypothesis  (which 
permits  an  external  field  expansion  to  be  analytically  contained  inwards  to  the 
conductor  suface)? 

K.  Becker  (FRG) : The  assumption  is  to  replace  the  surface  roughness  by  Induced 
currents  in  the  now  inhomogeneous  transition  conditions  for  the  electromagnetic  field. 

Paper  No:  3.2 

L.  Lewin  (USA):  Could  you  please  answer  the  following  questions: 

(1)  What  depolarization  coefficients  were  assumed? 

(li)  How  was  t determined  in  relation  to  the  comparison  of  theory  and  measurements? 

(ill)  What  would  be  the  effect  of  more  solid  vertical  structures  such  as  stalks  or 
tree  trunks? 

(iv)  Since  the  vegetation  is  semi -t ransparent , why  is  ground  reflection  considered 
unimportant  ? 

(v)  Instead  of  l and  f,  could  one  contemplate  L and  * where  the  statistics  of  ♦ 
relate  to  the  leaf  inclination?  For  corn,  for  instance,  the  leaves  are  more  nearly 
vertical  than  horizontal  - would  this  not  make  fz^>  I? 

A.  K.  Fung  (USA):  The  answers  to  the  questions  above  are  as  follows: 

(i)  For  Disc-shaped  granules,  the  depolarization  factors,  A j , are  0,  0 and  I in  the 
permittivity  model. 

(ii)  The  parameter  t,  was  determined  by  fitting  data. 

(iil)  Stalks  and  tree-trunks  need  be  treated  separately.  In  the  case  of  dense  leafy 
vegetation,  the  trunk  is  pretty  much  covered  by  leaves.  Even  if  it  is  a vertical  cylinder- 
type  the  model  indicates  that  such  a structure  does  not  contribute  to  backscattering 
except  at  grazing  Incidence. 

(iv)  This  is  because  of  attenuation  within  the  vegetated  medium.  For  sparse  or  thin 
layer  of  vegetation  ground  effect  is  certainly  important  within  30°  of  vertical. 

(v)  Use  of  1,  lz  or  L,  appears  to  be  equivalent.  The  main  problem  is  that  more 
adequate  target-truth  information  is  needed  to  verify  what  would  be  the  best  choice. 

My  experience  with  data  (scattering  coefficient  measurements)  indicates  that  due  to 
frequency  filtering  effect,  1,  appears  to  be  an  effective  parameter. 


Paper  No:  3.4 

K.  Toman  (USA):  May  I ask  for  the  reasons,  applications  behind  this  study? 

L.  Ladell  (Sweden):  The  application  is  to  mobilise  radio  links  for  army  use. 

D.  Brodtkorb  (NO):  Can  you  comment  on  the  apparent  significant  difference  between  the 
measured  and  the  theoretical  curves? 

L.  Ladell  (Sweden):  A statistical  result  based  on  only  16  individual  measurements  is 
very  weak  and  may  not  be  directly  compared  with  a calculated  result  based  on  500 
simulations.  However,  it  seems  to  me  to  be  quite  a good  correspondence  between  the 
results,  keeping  this  limitation  in  mind. 

J.  H.  Blythe  (UK) : How  were  your  paths  selected? 

L.  Ladell  (Sweden):  The  paths  in  this  study  were  all  diffractive  paths  spread  over 
a 30  x 50  km2  region.  Antenna  sites  were  selected  with  respect  to  accessibility  and 
suitability  for  this  kind  of  radio  link.  That  means  open  places,  at  least  with  a radius 
of  20m,  not  far  from  a road.  The  receiver  equipment  required  power  supply. 


Paper  No:  3.6 


L.  Lewin  (USA) : Is  there  a North-south  or  East-west  bias  in  ducts  and  what  is  the 


order  of  magnitude  of  duct  sizes? 

H.  T.  Dougherty  (USA);  For  ducts  associated  with  gradients  at  or  near  the  surface, 
particularly  the  sea  surface,  I am  not  aware  of  any  bias.  From  data  derived  from 
the  AGY  and  BOMEX,  I have  the  Impression  these  gradients  occur  in  patches,  tens  of 
kilometres  across  but  of  no  particular  orientation.  However,  these  patches  may  be 
distributed  so  as  to  reflect  ocean  current  directions.  For  ducts  associated  with 
elevated  layers  that  are  advective,  there  would  be  a tendency  of  the  layers  to  extend 
along  the  wind  directions  possibly,  roughly,  east-west. 

Duct  widths  can  extend  from  meters  (near  the  surface)  to  a few  hundreds  of 
meters  (elevated  layers  and  ducts)  In  the  vertical  direction  and  tens  to  hundreds 
of  kilometers  in  the  "horizontal"  direction.  That  horizontal  extent  can,  of  course, 
be  for  thousands  of  kilometers  (not  continuous)  in  the  trade  wind  regions  of  the  world 
Duct  propagation  has  been  observed  between  San  Diego  and  Hawaii  for  example  - and  from 
Korea  to  Taiwan  for  example  - via  elevated  layers  and  ducts  that  are  not  continuous; 
the  layer  heights,  thickness,  and  gradients  also  tend  to  change  (systematically)  with 
horizontal  distance. 


End  of  Session  III 
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SYSTEM  DESIGN  AND  APPLICATION 


Paper  No : 4.1 

l> 

J.  S.  Belrose  (Canada):  Your  paper  was  very  comprehensive  and  a good  review  of  the 
subject  since  it  covered  such  a large  number  of  types  of  scatter  commun i cat  ions . 

You  made  one  comment  which  caught  my  ear  and  I could  not  resist  responding  to  it  being 
an  ionospheric  physicist.  I agree  with  your  comment  that  at  the  same  magnetic  latitude 
in  Europe  geomagnetic  phenomena  were  different  than  at  the  same  magnetic  latitude  in 
Canada;  this  is  why  ionospheric  and  magnetrospheric  physicists  stopped  long  ago  using 
geomagnetic  latitude  which  is  based  on  the  dipole  approximati on  of  the  earth's 
magnetic  field.  If  vou  use  corrected  geomagnetic  latitude  of  some  form  the  anomalies, 
where  one  is  looking  at  phenomena  associated  with  the  earth's  magnetic  field, 
disappear. 

A comment  more  directly  related  to  the  topic  of  your  paper  concerns  scatter  or 
possibility  of  scatter  communication  associated  with  ionospheric  heating.  You 
described  the  field-aligned  scatter  which  is  very  aspect  sensitive  but  you  did  not 
mention  the  plasma  wave  scatter  which  will  have  aspect  sensitivity  in  exactly  the 
opposite  way  of  the  field-aligned  scatter;  it  will  work  best  at  high  latitude  where 
one  is  looking  along  the  field  rather  than  orthrogonal  to  the  field.  This  mode  is 
probably  much  leso  aspect  sensitive.  It  will  probably  scatter  UHF  waves  better  than 
the  VHP  waves  but  its  utility  is  not  yet  proved.  We  are  doing  some  exploratory 
experiments  in  the  Ottowa  region  at  the  present  moment  but  I have  no  results  yet  to 
report.  In  this  mode  of  scatter  reception  takesplace  at  a frequency  which  is  removed 
from  the  transmit  frequency  by  plus  or  minus  the  heater  frequency. 

I.  M.  Vogt  (STC) : The  first  part  of  your  comment  does  not  call  for  an  answer  but  the 
second  point  which  is  concerned  with  plasma  wave  scattering  is  covered  in  our  paper. 


Paper  No:  •*  ^3 

L.  Lewin  (USA):  Inone  of  your  graphs  at  t=120  second,  the  interference  went  right  down 
to  ;ero.  What  was  the  cause  of  this? 

B.  S.  Skingley  (UK):  The  cause  of  the  destructive  interference  at  t=120  seconds  was 
in  the  choice  of  a fading  scenario  which  gave  an  excessive  rate  of  change  in  the  cp-fade 
direction  together  with  a large  change  of  level.  This  scenario  was  chosen  for  a 
practical  system  test  to  demonstrate  that,  for  given  control  loop  time  constant,  there 
can  exist  a combination  of  fade  rate  and  level  change,  which  can,  briefly,  defeat  the 
system.  It  should  be  noted  that  if  the  up-fade  at  t=120  seconds  had  remained,  there 
would  have  been  significant  improvements  after  only  5-10  seconds. 

P.  Gruber  (USA):  May  I ask  if  n the  feedback  transmission,  whether  you  control  the 
beam  voltage  or  the  drive? 


B.  S.  Skingley  (UK):  To  date  only  RF  p.wer  control  has  been  found  necessary.  For  low 
power  (up  to  50  watts)  an  output  can  be  used  whilst  on  high  power  klystron  or  twt 
systems  it  is  necessary  to  change  the  drive  power. 

A.  N.  Ince  (STC):  I agree  that  the  transmitter  power  control  is  a useful  technique 
which  can  save  frequency  spectrum;  an  Important  consideration  in  designing  and 
implementing  links.  However,  as  we  know,  there  are  other  techniques  of  achieving 
frequency  conservation  such  as  the  use  of  multi-level  modems  which  on  the  other  hand, 
require  higher  transmitter  powers.  A careful  balance  between  power  and  spectrum 
occupancy  which  may  depend  on  circumstances  is  therefore  indicated. 


Paper  No:  4,4 

N.  M.  Maslin  (UK) : Meteor  scatter  communications  at  shorter  ranges  of  only  a few 
hundred  kilometers  suffer  the  disadvantage  of  smaller  time  constants  and  smaller  common 
areas  of  antenna  illumination  at  meteor  trail  heights. 

Do  you  believe  that  meteor  scatter  communications  at  lower  frequencies,  in  the 
HF  band,  could  help  to  overcome  some  of  these  difficulties? 


H.  P.  Williams  (STC) : One  would  of  course  optimize  antenna  patterns  for  the  range 
and  frequency  being  used  and  I agree  this  would  result  in  a smaller  common  area  of 
illumination  at  a given  height  since  the  so-called  "hot  spots"  are  smaller  in  volume 
for  a short  link.  This  will  certainly  lead  to  a smaller  duty  cycle  as  will  the  smaller 
angle  + on  a short  link.  There  is  a small  compensating  effect  in  that  the  overall  path 
length  is  less. 


If  one  were  attempting  to  maximize  the  duty  cycle  on  a sho. t link  one  would 


1 


1 


certainly  wish  to  use  a frequency  below  say  50  Mil*  to  avoid  "celling"  effects  so  that 
trails  at  all  heigh: a within  the  "hot  spot"  volume  would  be  effective.  Of  course  the 
lower  the  frequency  for  a given  antenna  pattern,  which  Is  our  situation,  the  higher 
the  duty  cycle,  and  this  would  Indicate  the  use  of  the  lowest  frequency  possible 
without  encountering  HF  propagation  for  a substantial  fraction  of  the  time. 

Of  coin  se  for  any  path  length  one  can  use  a split  beam  antenna  to  lncre-  se  duty 
cycle.  By  this  technique  one  concentrates  power  in  the  two  hot  :.pots  which  lie  on 
either  side  or  the  great  circle  path  and  doesn't  waste  any  In  the  barren  zone  In  between. 

End  of  Session  IV 
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SESSION  V 

SIUNM,  PROCESSING  FOR  SCATTER  COMMUNICATIONS 

Paper  Noi  b.l 

P.  Mon sen  (USA):  Could  you  comment  on  the  parameters  such  as  doppler  rate  and 
Interleavings  Involved  in  the  results  shown  In  Fig.  11? 


P.  hello  (USA):  These  error  rate  curves  do  assume  that  we  are  Interleaving  to  have 
independent  fluctuations  In  the  hits.  There  Is  a penalty  associated  with  using  coding 
In  the  sense  that  you  have  to  have  a delay.  For  some  systems  that  delay  may  or  may 
not  be  tolerable.  You  can  get  quite  a bit  of  improvement  with  a small  amount  of  delay, 
but  these  curves  do  assume  enough  delay  of  the  Interleaved  code  to  have  Independent 
fluctuations  on  each  bit  of  the  code.  The  paper  by  Dr.  Chase  on  the  ML.T  modem  will 
give  some  results  for  small  coding  delay. 


Pape  r No : 5 . i 
— 

P.  Bello  (USA):  I object  to  the  use  of  the  term  “maximum  useable  bandwidth".  There 
Is  no  maximum  useable  bandwidth  with  troposcatter  in  any  sense  as  the  way  you  have 
described  It.  You  are  limited  entirely  by  your  modulat Ion  techniques  and  your 
terminal  equipment  constraints.  There  Is  a maximum  useable  bandwidth  In  HF  because 
you  cannot  transmit  beyond  a certain  frequency  but  this  Is  not  an  analoqy  at  all  and 
I would  think  that  people  not  too  familiar  with  the  limitations  imposed  by  a troposcatter 
channel  would  think  that  they  could  not  transmit  with  bands  exceeding  what  you  are 
talking  about.  Do  you  have  any  comment  on  that? 

R.  Valentin  (FRG) : I think  I agree  with  you.  The  term  "maximum  useable  bandwidth" 
or  better  "transmissible  bandwidth"  In  my  contribution  refers  only  to  the  bandwidth 
limitations  Imposed  by  the  scatter  mechanism. 


J.  Osterholz  (USA):  In  most  practical  systems  It  Is  not,  all  of  the  time  feasible, 
to  use  vertical  antenna  spacings.  Would  you  care  to  comment  on  the  relationships 
which  we  might  be  expected  to  see  between  the  frequency  separation  and  antenna 
separation  for  horizontal  antenna  spacings? 


R.  Valentin  (FRG):  The  equivalence  theorem  only  holds  for  the  vertical  antenna 
displacement . Therefore  I can't  say  anything  about  the  relationship  between  frequency 
separation  and  antenna  separation  for  lioilzontal  antenna  spacinq. 

J.  Osterholz  (USA):  Would  your  intuition  tell  you  that  the  antenna  spacings  for 
horizontal  diversity  would  be  qreater  than  for  vertical? 

R.  Valentin  (FRG):  Some  time  ago  we  performed  measurements  of  the  spatial  correlation 
of  the  received  scatter-mode  signals.  From  these  measurements  the  following  was 
derived:  The  horizontal  antenna  spacinq  necessary  to  obtain  substantial  diversity 
gain  in  space  diversity  reception  is  a little  larger  than  the  vertical  antenna  spacing. 


Pape  r No : S . 3 

P.  Monsen  (USA):  T would  like  to  make  a brief  comment . Wo  are  engaged  In  an  angle 

diversity  study  ourselves.  We  have  just  entered  our  test  phase  so  we  don't  have  any 

test  data  but  some  of  our  theoretical  work  Indicates  some  slight  differences.  For 

(example,  we  have  found  that  It  Is  not  such  a good  Idea  to  make  the  powers  In  the  two 
beams  for  the  vertical  angle  diversity  the  same.  Infact,  the  optimum  pointing  angle 
seems  to  be  about  a quarter  of  a beam  width  or  half  a beam  width  with  central  line 
elevated  above  the  horizon.  This  leads  to  more  squint  loss  but  you  make  up  for  It 

with  more  power  In  the  main  beam.  Under  that  constraint  we  are  interested  In  compai ing 

dual-space,  dual- f requency  with  u conventional  system  with  a dual-space,  dual-angle 
In  order  to  save  the  frequencies  which  Is  of  some  concern  In  some  areas  and  what  we 
find  Is  that  you  actually  end  up  letter  with  the  space  angle  configuration  than  with 
the  conventional  configuration.  The  advantage  of  this  configuration  is  all  the  more 
because  with  dual  frequency  you  need  to  have  two  power  amplifiers)  whereas  with  a 
dual-space  dual-angle  you  can  take  the  two  power  amplifiers  and  put  them  at  the  same 
f requency . 

J.  Blythe  (UK) t I did  comment  that  our  theoretical  calculations  also  support  the  fact 
that  the  equal  signal  case  Is  not  the  opttumum  working  point  for  vertical  anqle  diversity 
so  I fully  agree  with  that  point  and  I am  encouraged  by  your  other  remarks  as  well. 


J.  Osterholz  (USA):  You  mentioned  that  you  did  not  notice  any  Increase  in  path  inter- 
modulatlon  noise  in  the  elevated  beam  resulting  from  the  elevated  beam.  Would  you  qtve 
me  an  Idea  what  the  bandwidth  of  the  transmitted  signal  was? 
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J.  Blythe  (UN)  t It  was  ,1  i'onv»nt Ion* I FPM  system  of  fcO  channels  wtth  a bandwidth  of 
about  t MHz. 

.1 . Wick  (USA'  t Looking  at  your  experimental  data,  1 was  wondering  If  then>  was  any 
meteorological  support  going  along  with  that.  It  would  appear  from  what  you  saw  that 
them  was  prevalence  of  high  altitude  layering  and  possibly  somp  sub- te f ract Ion  closer 
to  t he  sea  surface  on  this  over-water  path.  1 wonder  If  this  Is  the  case? 

J.  Blythe  (UK) t We  had  no  means  of  monitoring  the  detailed  weather  situation.  There 
was  a change  from  antlcyclonlc  conditions  to  more  disturbed  weather  at  the  middle  of 
the  test  period  as  1 Indicated,  but  we  lack  any  quantified  met. data  for  the  path. 

.1 . Wick  (USA) t 1 was  concerned  with  these  results  where  you  showed  the  vertical 
separation  vastly  superior  whether  they  would  translate  into  other  climate  types  or 
whether  that  was  something  that  would  be  found  primarily  In  over  water  paths. 

J.  Blythe  (UK) i Our  Initial  (iannlng  tests  Indeed  suggested  that  sea  reflection  was  a 
dtstuiblng  factor,  but  only  marginally  so  once  the  powers  from  the  two  beams  had  been 
equalized.  I think  that,  regardless  of  foreground  reflection,  vertical  beam  separation 
will  always  show  significant  advantages  over  horizontal  separation  In  climates  where 
atmospheric  layers  habitually  Intercept  the  common  volumes  generated  by  either 
receiving  beam.  In  addition,  vertical  angle  diversity  has  a good  chance  of  recovering 
its  inherent  losses  In  these  circumstances , and  thus  equalling  or  out -performing 
conventional  space- frequency  and  space-polart zat Ion  systems.  These  conclusions  are 
In  line  with  the  comments  made  ) us t trow  by  Monsen. 

A.  N.  luce  (STC) r My  question  concerns  your  Intermodulation  measurement.  Considering 
that  the  KF  bandwidth  occupied  was  fairly  small  how  did  you  manage  to  measure  the 
Intermodulation,  t.e.  how  weie  you  able  to  separate  path  intermodulation  from  that  of 
the  equipment  ' 

J.  Blythe  (UK) t We  weren't  basically.  It  was  a comparison  between  the  reference 
system  and  tire  angle  diversity  system.  At  least  It  showed  that  we  weren't  any  worse 
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A.  N.  tnce  (BTC) i Please  accept  my  congratulations  on  your  very  clear  and  objective 
exposition  of  the  problems  involved  1 tr  the  performance  evaluation  of  troposcatter  links. 

1 would  like  to  make  a comment  which  Is  related  to  your  statement  that  one  deals  with 
s 1 gtra l - to-nolse  ratios  only  In  analog  systems,  and  try  to  highlight  the  factors  which 
lead  to  differences  In  the  system  design  for  analog  and  digital  systems.  The  situation 
need  not  be  fundament  a 1 ly  different  in  the  two  systems,  particularly  when  the  RF 
bandwidth  occupied  does  not  appreciably  exceed  the  so-called  correlation  bandwidth  and 
the  channel  performance  (e.g.  speech  Intelligibility)  can  be  expressed  as  a function 
of  the  signal-to-nolse  ratio.  As  we  know  the  multipath  spread  that  causes  intersymbol 
i rrt  er  fetence  In  digital  systems  produces  1 nt  e t modttl  at  Ion  noise  In  analog  systems  but 
the  maqnltude  of  the  design  problem  that  the  multipath  phenomenon  creates  In  much 
greater  In  digital  systems  mainly  because  these  systems  aie  designed,  like  (he  analog 
systems  tlrat  t hey  leplaie,  on  tire  basts  of  voice  traffic  often  using  M kb/s  per  voice 
Channel  thus  leading,  for  the  same  traffic  capacity,  to  much  qieatet  bandwidth 
lequtrements  that  often  exceed  the  correlation  bandwidth  of  tire  path.  For  example 
an  analog  system  carrying  60  voice  channels  of  treat  CCITT  quality  would  typically 
requite  1 . 'v  MHz  of  RF  bandwidth  whereas  a digital  system  of  Identical  capacity  would 
need  a few  times  more  bandwidth.  As  shown  In  our  paper  presented  In  Session  TV  (Paper 
4.6)  the  multipath  distort  Ion  In  this  example  would  trot  generally  produce  an  unacceptable 
level  of  IM  noise  In  the  analog  system  using  simple  FM  modems  wheteas  the  digital  system 
would  treed  expensive  adaptive  modems  to  cope  with  the  same  multipath  and  In  addition 
would  occupy  more  frequency  spectrum.  As  lotrq  as  we  aie  dealing  mainly  with  voice 
traffic  we  seem  to  be  creating  an  unnecessary  problem  by  going  digital  (1  am  excluding 
here  the  s|<eclal  requirements  which  one  may  have  In  military  systems).  In  summary 
1 would  say  tlrat  In  deciding  to  go  digital  and  In  the  design  of  Ihe  necessary  system 
one  should  pay  partlculat  attention  to  the  type  of  traffic  to  be  carried  by  the  system 
as  well  as  to  the  requirements  for  transmission  (Including  transmission  of  analog)  and 
switching  which  at  times,  may  allow  the  reduction  of  the  voice  digit  rate  (e.g.  ii  kb/s 
A -mod)  leading  to  smaller  bandwidth  occupancy  and  easier  and  cheaper  modem  design. 

Mould  you  like  to  respond  to  my  tongue-in-cheek  comments  above? 

J.  Wtck  (USA)  t I have  tlrree  comments.  First  of  all,  I am  painfully  aware  of  the 
multipath  problem  In  atralog  systems.  However,  tire  prediction  problem  Is  generally 
handled  differently.  Generally,  you  treat  the  multipath  as  atr  additive  noise  term 
due  to  1 nt e rmodtr t at  ion  trolse  so  you  don’t  have  tv'  get  sc  Intimately  Involved  in  tire 
mechanics  of  a modem  to  make  systems  calculations.  It  Is  true  that  when  somebody  tells 
us  to  go  digital  on  an  analog  system  which  carries  primarily  voice,  one  gels  Into  a box, 
there  Is  no  qrreat  Ion  about  tlrat.  Wp  have  to  use  clever  modem  technlqrtrs  to  exploit  the 
medium  to  buy  back  some  of  lire  loss  or  going  digital.  Of  course,  you  must  realize  that 
In  ihe  future,  people  aren’t  going  to  be  talking  to  people  as  much  as  computers  are 
going  to  be  talking  to  computers,  and  a common  communl cat  tons  format  avoids  system 
duplication.  Also  digital  commimlcat Ions  systems  carrying  analog  voice  can  make 
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advantageous  use  of  regenerative  repeaters  to  keep  noise  low. 

S.  Pari  (USA):  I have  two  comments.  One  thing  that  we  have  experienced  is  the 
equipment  very  often  gives  a considerable  contribution  to  the  measured  delay  spread. 

I wonder  if  you,  in  your  measurements,  tried  to  take  this  into  account  to  separate 
the  contributions  of  transmitter  and  receiver  filters  from  the  delay  spread  of  the 
channel . 

J.  Wick  (USA) : This  problem  ofwhich  you  are  speaking  occurs  in  RAKE  probing  where  you 
have  a distortion  in  the  high  power  klystron  amplifier,  for  instance,  which  would 
appear  to  be  a multipath  spread  distortion.  In  the  experimental  program,  I noted  the 
fact  that  we  were  operating  the  equipment  backed-off  considerably  from  its  maximum 
operating  level,  and  back-to-bav. k tests  were  made  to  determine  that  indeed  what  was 
being  measured  was  the  medium  and  not  the  nonlinearity  of  the  klystron  amplifiers 
whose  transfer  functions  can  create  real  problems  when  you  are  trying  to  do  accurate 
RAKE  probing. 

S.  Pari  (USA) : The  otherthing  is  the  aperture-to-medium  coupling  loss  measurement 
you  are  proposing.  I have  some  reservation  about  the  value  of  such  a measurement 
because  you  can  have  variations  in  the  upper  atmosphere  which  would  affect  the  signal 
level  on  the  small  antenna  but  which  would  not  affect  the  signal  level  on  the  large 
antenna  and  what  is  really  of  value  is  the  path  loss.  The  real  value  is  to  be  able  to 
calculate  the  path  loss  you  will  get  with  a large  antenna. 

J.  Wick  (USA) : The  question  really  is  whether  the  term  aperture-to-medium  coupling 
loss  is  really  meaningful  at  all.  I think  this  has  been  discussed  in  another  session. 
It  is  true  that  when  you  have  a narrow  beam  antenna  you  may  not  see  things,  especially 
under  anomalous  propagation  conditions,  that  you  would  see  with  a larger  antenna 
beam.  This  may  be  involved  in  the  quantity  which  has  been  observed  and  termed 
aperture-to-medium  coupling  loss  and  this  is  why  I said  that  I thought  the  results  of 
the  experiment  would  be  of  a statistical  nature  rather  than  some  magic  number  for  all 
paths  of  a given  length.  I feel  that  there  may  be  a great  deal  of  variability 
associated  with  path  geometry  and  climatology. 


Paper  No:  5.7 


J.  Osterholz  (USA) : I would  like  to  make  a statement  in  reiterating  what  Dr.  Ince 
had  correctly  pointed  out  earlier.  We  are  talking  about  the  application  of  troposcatter 
systems  which,  at  least  in  the  near-term,  will  have  people  talking  to  people  rather 
than  machines  to  machines.  In  a tandem  connection  where  more  than  one  tropo  link  is 
traversed,  say,  by  a voice  subscriber  in  the  Autovon  telephone  system  or  a similar  type 
of  analog  telephone  system,  the  decoding  delay  can  become  important,  infact  it  can  become 
a significant  factor  in  the  system  design.  What  I am  addressing  specifically  is  your 
curves  which  are  representative  of  rms  fade  rates  on  the  order  of  one  Hertz  or  ten  Hertz. 
A lot  of  the  work  that  has  been  done  on  the  troposcatter  systems  which  use  lower 
frequencies  which  are  more  typical  for  commercial  as  well  as  for  long-distance 
military  systems,  show  measured  rms  fade  rates  which  are  of  the  order  of  one  tenth  of 
your  values.  The  question  I have  is,  if,  I wanted  to  estimate  the  coding  delay  for  a 
particular  performance,  can  I just  multiply  the  coding  delay  by  ten  in  the  case  of  an 
rms  fade  rate  of  one  tenth  of  a Hertz  as  opposed  to  one  Hertz? 


D.  Chase  (USA):  Two  comments.  The  first  is,  for  your  application  there  is  a good 
possibility  that  we  don't  need  to  bother  with  coding.  Your  data  rate  is  higher  your 
doppler  spread  is  lower  and  consequently  what  you  say  is  roughly  true  that  your  decoding 
delay  for  the  same  performance  would  be  a factor  of  ten  more.  However,  our  results  were 
for  single  diversity  (i.e.  no  diversity)  and  we  can  therefore  improve  the  system 
performance  by  using,  say,  dual  diversity.  In  fact  some  studies  which  we  have  carried 
out  in  connection  with  a proposal  show  that  this  factor  of  ten  may  be  recovered  by 
using  dual  diversity,  i.e.  a system  using  dual  diversity  with  coding  could  have  the  same 
kind  of  delays  as  those  given  in  our  paper  for  single  diversity.  I would  like  to  make 
a further  point  here  and  that  is  that  depending  on  the  application  it  may  not  be 
necessary  to  use  coding  at  all  but  simply  employ  our  modem  technique  which  is  fairly 
efficient  from  the  point  of  view  of  bandwidth  utilization. 


J.  Osterholz  (USA) : Referring  to  the  modem  block  diagram  in  your  paper  where  a sample/ 
hold  and  A/D  circuits  are  shown  which  appear  as  critical  elements  in  the  modem  operation 
particularly  at  higher  data  rates  can  you  state  what  quantization  rate  you  use  in  the 
A/D  conversion,  in  particular,  for  a system,  say,  of  9 mega  bits/sec. 

D.  Chase  (USA) : The  modem  we  built  had  6 bits  per  sample  and  we  could  probably  get 
away  with  five  or  even  lower.  The  loss  at,  say,  four  bits  would  be  about  a decibel. 


J.  Osterholz  (USA) : I have  one  more  question  if  I may.  You  mentioned  the  constraint 
of  having  to  have  a constant  envelope  carrier.  Have  you  investigated  backing-off 
the  power  amplifier  obtaining  something  a little  more  linear,  giving  up  the  system 
gain,  reducing  the  complexity  of  the  modem  but  still  obtaining  the  benefits  you  get 
from  the  adaptive  processing  without  having  to  compensate  for  the  constant  envelope? 

D.  Chase  (USA):  The  simple  answer  to  your  question  is  no  we  have  not  investigated  it. 
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A.  N.  I nee  (STC) i You  mentioned  that  complexity  was  an  lmpoitant  Issue  tn  the  modem 
design.  (.'an  you  comment  why  this  Is , cons  1 derlhg  that  the  cost  of  lCs  and  LSI  produced 
In  thousands  is  almost  Independant  of  complexity  and  that  the  modem  cost  may  he  a small 
fraction  of  the  total  system  cost? 

D.  Chase  (USA):  1 wish  more  people  would  think  the  way  you  do.  Unfortunately  people 
still  consider  complexity  In  Isolation  rather  than  recognizing  that  complexity-cost 
relation  la  continuously  changing  and  thanks  to  IC  technology  more  complex  circuits 
ate  being  sold  at  prices  to-day  which  are  lower  than  those  of  less  complex  circuits  of 
yester-years  despite  inflation. 
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SESSION  VI 
C.ENERAL  DISCUSSION 

The  last  session  of  the  symposium  was  devoted  to  a general  discussion  and  to 
comments  on  all  the  pa(>ers  presented.  The  session  concluded  with  a summary  by 
The  Chairman,  Dr.  A.  N.  Ince , of  what  he  considered  to  be  the  significant  data  and 
techniques  reported  in  the  symposium  which  would  be  relevant  to  the  planning  and  design 
of  dedicated  and  switched  networks  which  rely  either  totally  or  partly  on  scatter  links. 

The  questions,  comments  and  discussions  from  the  session  are  reported  below. 

L.  W.  Barclay  (UK) i Dr.  Ince  In  his  paper  (Paper  4.1)  only  commented  briefly  on  scatter 
from  1 i regulari t les  caused  by  arltlflcal  Ionospheric  heating.  However,  he  stated  that 
the  north-south  extent  of  the  communication  zone  was  some  tens  of  kilometers  and  that 
the  technique  could  not  be  used  at  mid-European  latitudes.  This  contrasts  with  the  much 
more  extensive  communication  zone  described  by  Dr.  Utlaut  at  the  AclARD  meeting  last  year 
in  Brussels*.  Dr.  Utlaut  Indicated  a north-south  extent  of  100  km  or  more  and  lie  showed 
maps  for  the  shape  of  the  communications  zone  for  heaters  at  various  latitudes.  Is  this 
difference  due  to  a more  restricted  assumption  by  Dr.  Ince  of  the  tolerable  departure 
from  specularity,  or  Is  It  due  to  constraints  on  the  location  and  configuration  of  the 
heating  transmitter  In  Europe? 

A.  N.  Ince  (STC) : First  of  all  let  me  say  that  what  Is  reported  in  our  paper  4.1  on  this 
subject  Is  based  on  a survey  of  the  literature  and  not  on  any  real  work  done  by  STC. 

In  case  of  discrepancy  you  should  therefore  refei  to  the  literature  referredto  in  i»ir  paper. 
Another  point  I would  like  to  make  Is  that  research  Is  active  and  there  Is  quite  a lot 
still  to  be  learned  on  HF  Induced  ionospheric  modifications.  In  pa|ier  4.1,  referring 
to  the  zone  of  reception, or  the  footprint  we  mentioned  that  It  would  have,  for  field- 
aligned  scattering  (FAS),  a width  corresponding  to  deviations  from  mliror  reflection  of 
up  to  a degree  or  two.  The  exact  width  would  depend  on  the  geometry  of  the  heated 
region,  Its  altitude  as  well  as  on  the  path  geometry.  Dr.  Utlaut  in  his  article 
published  in  1 75**  states  that,  assuming  a modified  Ionosphere  centered  at  270  km  altitude 
and  a scattering  region  extending  100  km  along  the  local  magnetic  field  lines,  scattering 
angles  up  to  three  degrees  off  normal  for  FAS  and  about  five  degrees  for  FLS  (Plasma  line 
scattering)  would  provide  useful  signals.  It  follows  that,  for  FAS,  the  north-south 
extent  of  the  reception  zone  would  be  upwards  of  30  kms  depending  on  the  slant  range 
and  would  be  about  200  kms  for  a slant  range  of  about  1000  kms.  As  far  as  the  European 
coverage  Is  concerned  it  should  be  noted  that  the  angle  of  magnetic  dip  would  be  unsuitable 
for  communications  In  Northern  Europe  as  shown  by  St athacopoulos  and  Barry  In  Ref  17  of 
Paper  4.1  to  which  reference  should  be  made  for  more  information. 

L.  W.  Barclay  (UK) i Referring  to  the  effect  of  sporadlc-E  on  meteor-burst  communication 
systems, l think  it  is  Important  to  be  aware  of  the  occurrence  statistics  of  the  various 
kinds  of  E_ . Dr.  Williams  In  his  paper  4.4  was  considering  the  effect  of  temperature 
latitude,  "flat1,  Es . This  kind  of  E«  has  a pronounced  occurrence  maximum  In  summer 
daytime  so  that  Interception  probabilities,  which  are  acceptable  when  based  on  annual 
occurrence  st atlstics , may  well  be  unsatisfactory  during  the  summer.  Dr.  Sites  In 
his  paper  4.5  (as  well  as  STC  In  paper  4.4)  advocated  the  use  of  meteor-burst  systems  at 
high  latitudes.  Auroral  E, , associated  with  geomagnetic  storms,  can  support  field-aligned 
scatter  propagation  which  ’ias  substantial  time  and  frequency  dispersion.  This  is  likely 
to  prevent  the  use  of  a fast  signalling  burst  mode  during  its  occurrence. 

A.  N.  Ince  (STC):  1 shall  answer  the  question  since  it  refers  mainly  to  interception. 

In  Pap6r  3.5  what  I reported  were  measured  results,  with  theoretical  Interpretations, 
whose  duration  did,  In  fact,  cover  almost  a full  year  including  the  summer  months.  The 
results  which  were  obtained  with  a system  operating  at  40  MHz  were,  you  will  remember, 
expressed  as  cumulative  distributions.  For  Instance,  referring  to  Fig.  8 or  Paper  3.5 
for  the  Santa-Marine  1 1 a terminal  In  Italy,  the  median  value  of  the  interception  ratio  was 
only  about  2*.  Even  In  the  case  of  Forest  Moor  the  median  value  was  only  74,  that  Is 
In  50*  of  all  cases  7*  of  what  I sent  would  be  Intercepted.  Of  course  for  a very  small 
percentage  of  the  time  there  would  be  full  Interception.  As  Mr.  Barclay  correctly 
pointed  out. there  was  mope  Interception  in  June  and  July, and  in  the  afternoons, than  at  any 
other  time.  I recommended  that  the  frequency  of  operation  be  Increased  to  above  40  MHz 
in  order  to  minimize  interception  generally.  At  higher  frequencies  the  incidence  of 
sporadic  F.  is  much  less  and  therefore,  the  interception  will  decrease  to  levels  below  those 
measured  at  40  MHz. 
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Turning  now  to  the  second  part  of  Mr.  Barclay^  comment,  which  concerned  the 
phenomenon  in  northern  latitudes,  he  pointed  out  the  occurrence  of  competing  modes  of 
transmission  such  as  FAS.  Whether  or  not  this  can  be  a problem  depends  on  the  following 
three  factors.  First  of  all  the  aspect  sensitivity  of  the  competing  mode  is  important. 

As  we  saw  in  the  case  of  artificially  created  field-aligned  irregularities,  the  aspect 
sensitivity  is  very  great.  In  the  case  of  the  naturally  created  field-aligned  modes  the 
scattering  probably  occurs  at  lower  helghts(but  the  aspect  sensitivity  remains  so  that 
what  I said  for  Interception  of  meteor-burst  signals  would  also  apply  here.  Secondly, 
the  relative  levels  of  the  signals  are  important.  This,  of  course,  is  to  some  extent 
under  the  control  of  the  system  designer.  If  you  do  not  use  too  high  a power  and  if  the 

level  is  below  that  of  the  meteor  trails,  for  Instance,  then  you  will  not  even  detect 

them.  However,  if  other  modes  do  occur  and  if  the  level  is  high  then  the  results  depend 

on  the  system  design  which  is  the  third  factor  which  affects  the  system  performance. 

In  the  STC  system,  COMET,  we  use  a transmission  speed  of  2000  Baud  and  ARQ  which  allows 
an  automatic  request  to  be  sent  to  the  sending  terminal  for  re-transmission  of  data 
received  in  error.  When  the  competing  mode  coincides  with  the  meteor-burst  signal 
non-destructive ly  the  information  passed  is  not  affected,  it  may  even  increase  the  duty 
cycle,  and  if  the  competing  mode  reduces  the  resultant  signal  to  a level  which  causes  the 
data  to  be  received  in  error  then  the  ARQ  will  ensure  that  the  passage  in  error  is  ignored. 
If  transmission  took  place  via  the  competing  mode  and  in  between  the  meteor-burst  signals 
then  the  throughput  of  the  system  would  increase, provided  of  course,  as  Mr.  Barclay 
said,  the  transmission  rate  is  within  the  coherent  bandwidth  of  the  path. 

K.  Toman  (USA):  What  is  adaptive  equalization,  how  does  it  work  in  physical  terms, 
and  what  limits  the  effectiveness  of  adaptive  equalization  techniques  for  troposcatter 
and  HF  channels? 

P.  Bello  (USA) : The  adaptive  equalizer  fits  into  the  general  framework  of  what  might  be 
called  the  class  of  "adaptive  filters".  An  adaptive  filter  is  a "black  box"  with  a 
series  of  adjustable  parameters,  an  input  and  output  signal,  and  a desired  output  signal. 
With  a desired  output  signal  and  an  actual  output  signal,  one  may  form  an  error  signal. 

An  algorithm  can  be  found  for  adjusting  the  coefficients  of  this  box  to  minimize  the 
strength  of  the  error  signal. 

As  stated  in  this  way,  the  definition  is  too  general  to  be  useful,  and  one  has  to 
reduce  this  box  to  some  structure  with  identifiable  parameters.  In  the  case  of  adaptive 
equalizers,  the  most  common  basic  structure  is  a tapped  delay  line  with  adjustable  weights 
at  the  tap  outputs  and  a summation  of  all  weighted  tap  outputs.  There  are  obviously 
other  types  of  equalizers  with  adjustable  coefficients.  One  may  have  a bank  of  filters 
with  adjustable  weights  prior  to  summing,  etc. 

It  was  stated  that  the  adaptive  equalizer  attempts  to  minimize  the  error  between 
the  actual  output  signal  and  the  desired  output  signal.  In  the  case  of  digital  communi- 
cations, the  desired  output  signal  is  the  transmitted  data  stream  itself.  Of  course, 
this  signal  is  not  available  and,  instead,  the  actual  output  data  stream  is  used  as  the 
desired  signal.  This  output  data  stream  is  obtained  by  sampling  and  quantizing  the 
output  of  the  equalizer  at  the  symbol  rate.  For  binary  data  transmission,  this  quantizer 
would  constitute  a simple  zero-threshold  binary  decision.  The  presence  of  errors  on  the 
output  data  stream  causes  a perturbation  of  the  adaptive  equalizer  performance  from 
ideal,  but  surprisingly  high  error  rates  can  be  tolerated. 

The  adaptive  equalizers  built  for  dispersive  channels  generally  contain  two 
"black  boxes":  a forward  equalizer  and  a feedback  equalizer  (or  tail  canceller).  Both 
the  forward  equalizer  and  tail  canceller  are  tapped  delay  lines  with  adjustable  weights. 

The  objective  of  the  tail  canceller  is  to  removethe  intersymbol  Interference  caused  by 
the  "tail"  of  the  impulse  response.  This  can  be  done  if  the  tail  of  the  impulse  response 
and  past  data  values  are  known.  Neither  of  these  are  known  exactly  - past  decisions 
are  used  as  input  to  the  tail  canceller  and,  when  the  adaptive  weights  are  automatically 
adjusted  to  minimize  the  error  signal,  the  tail  canceller  impulse  response  approximates 
that  of  the  tail  of  the  channel  impulse  response.  The  forward  equalizer  attempts  to 
minimize  the  intersymbol  interference  due  to  future  data  but  can  only  do  this  on  an 
average  basis. 

I would  say  the  following  about  HF  channels  concerning  how  adaptive  equalizers 
fit  in  and  what  the  practical  problems  are.  An  averaging  process  is  involved  in  adjusting 
the  weights  for  minimum  error.  There  is  a delay  in  adaptation  produced  both  by  the 
averaging  process  and  the  length  of  the  impulse  response.  If  the  adaptation  delay  is 
too  long,  it  is  not  possible  to  "track"  well  the  time  variant  channel  fluctuations.  If 
the  averaging  time  is  too  short,  the  estimate  of  the  adaptive  coefficients  becomes  too 
noisy.  It  is  my  estimate  that,  for  the  average  HF  channel,  the  delay  in  adaptation  due 
to  the  combined  effects  of  necessary  averaging  time  to  keep  the  adaptive  coefficient  noise 
small  and  the  length  of  the  impulse  response,  is  too  large  in  relation  to  the  channel 
fading  time  constant  to  give  good  performance  for  an  adaptive  equalizer.  However,  this 
argument  is  intuitive  and  remains  to  be  established, or  refuted, by  analysis  and/or 
simulation. 

A.  N.  Ince  (STC):  As  we  have  seen  (e.g.  Figs.  7 and  8 of  Paper  5.4),  when  one  plots  the 
slgnal-to-nolse  ratio  (SNR) , required  for  a given  BER  against  multipath  delay  spread  (MDS), 
one  sees  that  SNR  decreases  first  before  it  rises  with  increasing  MDS.  The  initial 
decrease  in  SNR  is,  of  course,  due  to  the  so-called  implicit  diversity  and  the  subsequent 


increase  in  SNR  must  be  the  result  of  the  modem  not  being  capable  of  equalizing  the 
channel.  The  question  I have  for  Dr.  Bello  is,  what  are  the  physical  and  technological 
constraints  which  would  limit  the  modem  performance  i.e.,  leaving  aside  the  question 
of  complexity  and  cost,  what  is  the  maximum  MDS  which  can  be  equalized? 

P.  Bello  (USA) : There  are  two  questions  I think  you  want  me  to  answer.  One  is  - why 
does  the  curve  go  up?  The  other  is  - what  do  you  want  to  do  about  it?  The  error  rote 
goes  up  because  the  tapped  delay  line  is  not  able  any  longer  to  cancel  the  intersymbol 
interference.  Performance  can  be  improved  by  making  the  line  longer.  However,  there 
are  some  eventual  limitations  due  to  imperfections  in  signal  processing  which  begin  to 
accumulate  with  increasing  length  of  the  delay  line.  There  will  be  some  given  practical 
limit  to  the  length  that  you  can  use.  But  I suspect  that,  as  far  as  troposcatter  links 
are  concerned,  this  limit  has  not  been  reached. 

A.  N.  Ince  (STC) : I understand  that  no  one  has  determined  the  actual  limit  set  by 
physics  for  a given  equalization  method.  Considering  that  to  equalize  greater  and 
greater  MDS  requires  effectively  longer  and  longer  delay  lines  and  processing  times, 
the  limit  to  proper  equalization  is  eventually  set  by  the  delay  in  the  equalizer  in 
relation  to  the  channel  fading  rate,  and  in  some  modem  implementations  also  by  excess 
noise  introduced  into  the  processing  of  data  by  the  additional  taps. 

As  far  as  HF  channels  are  concerned,  the  performance  of  adaptive  equalizers  could 
not  be  as  good  as  for  troposcatter  channels  because  of  the  large  differential  path 
delays  (milliseconds)  which  are  of  the  order  of  the  fade  period  in  HF  channels.  The 
transmission  rate  required  for  HF  is  often  modest  and  does  not  exceed  a few  kilohits/sec. 
However,  because  of  the  multipath  effect  compunded  by  noise  and  man-made  interference  of 
Impulsive  type  it  has  not  been  possible  to  achieve  economical  transmission  rates  in 
excess  of  about  1 kilobits/sec  with  acceptable  reliability  and  error  rate.  Since  it 
does  not  seem  likely  that  adaptive  equalizers  would  perform  too  well  and  moreover  they 
would  not  be  able  to  cope  with  interference,  spread-spectrum  techniques  could  be  used 
to  separate  the  discrete  HF  paths  (hops)  and  thus  eliminate  the  effects  of  multipath. 

It  is  interesting  to  note  that  this  same  technique  would  also  spread  the  energy  of  the 
impulsive  noise  and  interference  so  that  the  signal-to-noise  ratio  in  the  detection 
bandwidth  would  improve  (processing  gain).  While  this  technique  allows  the  satlstactoty 
transmission  of  data  at  rates  not  previously  achievable  at  HF,its  spectrum  usage  , not 
unlike  the  ionospheric  sounder,  is  not  quite  consistent  with  internationally  agreed 
channel  allocations.  However.it  should  be  noted  that  it  would,  often,  be  possible  to 
spread  the  transmit  energy  so  much  that  the  energy  density  would  be  lower  than  the  noise 
of  most  receivers .thus  causing  no  objectionable  interference  to  others. 

The  technique  above  has  been  investigated  by  SHAPE  Technical  Centre  theoretically 
and  experimentally . The  design  of  a prototype  spread-spoctrum  HF  modem  including  the 
performance  results  and  future  developments  are  discussed  in  a paper  appended  to  the 
proceedings  as  Paper  5.8.  The  tests  results  , so  far  obtained  .support  the  claimed 
advantages  of  the  system. 
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